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Abstract 
The supply, transfer and deposition of sediment from channel headwaters to lowland 
valleys and lakes, along the upland sediment cascade, is a fundamental process in upland 
catchment geomorphology. The continuity of the sediment cascade coupled with local 
geomorphic controls can be partly understood by quantifying river planform adjustments 
both in space and over time. However, few studies have adopted rigorous quantitative 
assessments of sediment continuity and planform adjustment beyond the reach scale over 
historical time periods or considered key controls governing the stability of upland river 
channels (e.g. climate, anthropogenic activity). This research presents an assessment of 
the patterns and geomorphic variables of upland river planform adjustment and stability 
over the past 150 years. A nested sampling strategy is adopted exploring sediment 
continuity and planform adjustment at the reach, catchment and multiple catchment 
(regional) scales in the Lake District upland region, north-west England. In total, 270 
rivers and streams (total length: 597 km) were studied across 17 catchments in the upland 
region (total area: 1250 km2) for six dates from 1860s – 2010. Reach scale investigations 
focused on exploring the impact of the extreme Storm Desmond (December 2015) flood 
event on St John’s Beck in the Bassenthwaite catchment.   
 
A total of 29,832 stable and adjusting reaches were mapped in the Lake District upland 
region. Over the full period of analysis (1860s – 2010), 21 % (128 km) of rivers and 
streams studied were classified as adjusting. Regionally, the highest percentage of river 
and stream lengths mapped as adjusting between 1860s – 2010 were observed in the 
Ennerdale (37 %), Wasdale (32 %) and Calder (29 %) catchments (Western Lake 
District). These catchments showed persistent adjustment and active zones of 
sedimentation in high order channels over the last 150 years.  This is attributed to a high 
supply of sediment to the fluvial system, greater accommodation space for lateral 
planform adjustment, and <20 % of the rivers and streams were anthropogenically 
modified. In contrast, the Kent, Haweswater and Sleddale (Eastern Lake District) showed 
persistent planform stability and <11 % of the river and stream lengths were mapped as 
adjusting between 1860s – 2010. This is attributed to narrow topographically confined 
channels, high specific stream powers and high sediment continuity. In the Kent 
  vi 
catchment >57 % of the river and stream lengths were anthropogenically modified via 
reinforced banks and flood embankments restricting planform adjustment.  
 
At the reach scale, the influence of a low frequency, high magnitude flood event (Storm 
Desmond) on river planform adjustment was quantified. However, with increasing spatial 
and temporal scale the correlation between high magnitude flood events and planform 
adjustments are harder to define. Anthropogenic activity (e.g. channel engineering, or 
mining) had a significant influence on river planform adjustment and stability at the 
reach scale.  Regional patterns of geology and the legacy of glacial processes help 
condition sediment supply, channel slope, and valley bottom width (confinement) thereby 
setting the general environmental template in which channels adjust in the Lake District. 
Valley bottom width was found to be an important variable determining the 
accommodation space for lateral planform adjustment and sedimentation. Planform 
adjustments occurred in reaches with a mean valley bottom width of 120 ± 190 m.  
 
This research has demonstrated the importance of considering planform stability in a 
sediment continuity framework across all scales of the stream and river network. The 
methodology developed provides a quantitative assessment of planform adjustment 
patterns and geomorphic controls, which aids understanding of historic river behaviour 
and provides context for current and future river management and restoration strategies.  
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Introduction  
 
 
1.1  Rationale 
Upland rivers are active geomorphic systems, where steep channel gradients, high 
runoff and dynamic geomorphic processes result in high rates of sediment production, 
transfer, deposition and river planform adjustment (Hooke and Redmond, 1989a; 
Wishart, 2004; Johnson and Warburton, 2002; Warburton, 2010; Joyce et al., 2018).  
River planform adjustments can create management challenges relating to channel 
capacity and flood risk, damage to infrastructure and the loss of valuable land, impact 
habitat diversity and environmental quality (Brookes, 1995; Bravard et al., 1997; 
Gilvear, 1999; Lane et al., 2007). For example, Figure 1.1 demonstrates the dynamic 
nature of upland rivers and recent impacts of planform adjustments (bank erosion, 
sediment aggradation, habitat destruction) in response to the extreme Storm Desmond 
(December 2015) flood event.    
 
Systematic assessment of the combined spatial and temporal patterns and controls (e.g. 
climate, anthropogenic activity) of planform adjustments are important for 
understanding past and present river behaviour; which is required to support future 
process-form based river restoration and management (Hooke and Redmond, 1989a; 
Winterbottom, 2000; Brierley and Fryirs, 2005; Grabowski et al., 2014; Lisenby and 
Fryirs, 2016; Rinaldi et al., 2016; Joyce et al., 2020). However, previous studies have 
focused on investigating planform adjustments at small spatial scales in response to 
individual controls (i.e. flood events, mining impacts) (Macklin, 1997). Very few studies 
(Hooke and Redmond, 1989a; Wishart, 2004; Lisenby and Fryirs, 2016; Joyce et al., 
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2020) have adopted rigorous quantitative spatial and temporal assessments of channel 
planform adjustment and the multiple controlling factors at the catchment or regional 
scale. The aim of this research is to quantify the spatial patterns and geomorphic 
variables controlling upland river planform adjustments over the recent era of 
measurable change (past c.150 years) when river channel patterns have been 
documented in historical records (1860s – present).    
 
Figure 1.1. Examples of the impacts of channel planform adjustments from the Lake District, 
UK. Arrows indicate flow direction. A-B: sediment aggradation (A) and reduced channel 
capacity during flood conditions (B) on St John’s Beck (National Grid Reference (NGR) NY 318 
203) (source: Graham Chaplin-Bryce, 2015). C) Sediment aggradation and channel widening 
encroaching on trees and vegetation in Liza Beck near Cockermouth (NGR NY 157 217) 2016. 
D) River channel bank erosion on Raise Beck undercutting the A591 road from Kendal to 
Keswick, after Storm Desmond, 2015 (source: Atlantic Geomatics, 2015).  
 
1.2  River adjustments and sediment continuity  
River channels typically adjust in response to changes in the balance between the 
supply, transfer and deposition of sediment relative to the discharge regime (Leopold 
2 m 
2 m 2 m 
B 
C D 
2 m 
A 
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and Maddock; 1953; Lewin, 1977; Richards, 1982; Thorne, 1997; Constantine et al., 
2014). River planform adjustments can therefore indicate patterns of sediment 
continuity, defined as the supply, transfer, deposition or exchange of sediment from 
catchment headwaters to valley sink over time (Joyce et al., 2018). Sediment continuity 
is distinct from the concept of sediment connectivity (Hooke, 2003; Bracken et al., 
2015) as it describes the pathways for sediment transfer by quantifying the movement 
and storage of sediment mass via changes in channel planform (Joyce et al., 2018; 
2020).  
 
River adjustments can be quantified in three-dimensions (3D) through changes in the 
channel cross sectional area, or via two-dimensional (2D) planform adjustments 
(Ashmore and Church, 1998; Simon et al., 2016). Three-dimensional assessments of 
river adjustments provide a detailed perspective of channel morphology but can be 
limited to small spatial scales over short time periods, and therefore they do not 
provide a historical perspective of source to sink understanding of sediment continuity 
(Raven et al., 2009; Raven et al., 2010). Instead, the analysis of 2D planform 
adjustments by comparing historic maps and remote sensed air photographs provides 
the opportunity to quantify sediment continuity over longer time periods and at larger 
spatial scales (Hooke and Redmond, 1989b; Winterbottom, 2000; Piégay et al., 2020).  
For example, in laterally unconfined settings a high sediment supply relative to the 
discharge (transport-limited conditions) can lead to sediment aggradation and the 
development of channel bars which can be identified in historic maps and air 
photographs (Schumm, 1977). Sediment aggradation can subsequently reduce channel 
capacity and redirect the flow, enhancing bank erosion, promoting channel width and 
bar size to increase. In contrast, if sediment supply decreases relative to the flow 
(supply-limited conditions) bars become less extensive, the channel displays a uniform 
2D planform, where erosion of the bed and banks is the prominent channel defining 
mechanism (Schumm, 1977). Two-dimensionally stable channel reaches (i.e. showing 
zero adjustment) indicate a balance in the supply, transfer and deposition of sediment 
relative to the discharge regime over time.  Understanding 2D planform adjustment and 
stability is therefore a useful diagnostic for understanding process-form relationships 
and catchment scale sediment continuity over time. However, few studies adopt this 
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approach and quantify sediment continuity at the catchment scale, particularly in 
upland regions.  
1.3  Dynamic upland catchments  
Upland rivers generate some of the highest annual global sediment yields (Milliman and 
Syvitski, 1992). In the UK, upland regions are commonly defined as areas of substantial 
land above 300 m elevation with intervening valley floors at lower elevations (Lewin, 
1981; Newson, 1981; Allaby; 1983; Atherden, 1992; Averis et al., 2004). Using this 
definition 20 - 30 % of the UK is defined as upland (Lewin, 1981; Atherden, 1992). 
Upland headwater catchments, dominated by low order streams, are particularly 
susceptible to planform adjustments, due to the steep channel gradients, high annual 
rainfall totals and flashy discharge regimes (Hooke and Redmond, 1989a). These 
characteristics result in high rates of sediment production, transfer and deposition and 
subsequent geomorphic change through the upland sediment cascade process domains 
(Schumm, 1977; Johnson and Warburton, 2002; Wishart, 2004; Burt and Alison, 2010; 
Warburton, 2010; Joyce et al., 2018). Hooke and Redmond (1989a) estimated that over 
an 89 year period (1870-1959) 35 % of UK upland rivers have experienced some degree 
of planform adjustment from minor bend adjustments to large scale planform avulsions.  
 
Upland river planform adjustments create ongoing management challenges, (Fig. 1.1). 
These challenges were recently demonstrated during the extreme Storm Desmond 
rainfall event (Cumbria, December 2015), (Fig. 1.1), which caused severe fluvial 
flooding, river bank erosion, deposition of coarse sediment across agricultural and urban 
land and disruption to infrastructure (Joyce et al., 2018). Sedimentation and erosion 
concerns are likely to be amplified in the future due to predicted increases in discharge 
due to climate change which will affect the intensity and frequency of flood events and 
future potential for sediment transfer and planform adjustment (Coulthard and 
Macklin, 2001; Watts et al., 2015).  Upland regions are therefore dynamic systems and 
provide a relevant focus of this thesis to develop and apply a methodology to assess the 
patterns and controls of channel planform adjustment over time.  
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1.4  Exogenic and endogenic controls on planform adjustment and stability  
Contemporary river planform reflects the legacy of past and present interacting 
exogenic and endogenic factors controlling water and sediment continuity across a 
catchment, these variables and linkages to channel planform are summarised in Figure 
1.2 (Schumm, 1977; Ferguson, 1987; Gardiner, 1990; Newson, 1997; Brewer and Lewin, 
1998; Sear et al., 2003; Bizzi et al., 2019).  
 
Figure 1.2. Conceptual diagram of exogenic and endogenic variable interactions that influence 
the balance of water and sediment continuity through a reach, and therefore channel planform. 
Modified from Ashworth and Ferguson (1989); Sear et al., (2003).   
 
In Figure 1.2, climate influences the frequency and magnitude of flood events and 
therefore stream power and energy available for sediment erosion, transfer and 
deposition (Wolman and Miller, 1960; Newson, 1980a; Milne, 1982; McEwen, 1994; 
Rumsby and Macklin, 1994; Werritty and Leys, 2001; Johnson and Warburton, 2002; 
Surian et al., 2016). Geological and glacial processes that occurred over the last 
millennium in UK upland catchments (Schumm and Lichty, 1965; Brewer and Lewin, 
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1998; Higgitt et al., 2001) determined the presence of over deepened basins, lakes, 
availability of sediment, sediment type, topographic confinement and channel slope 
(Milne, 1983a; Fryirs et al., 2016). Vegetation influences river bank stability (Hey and 
Thorne, 1986; Millar, 2000; Gurnell, 2014). Anthropogenic activity impacts channel 
planform through channelization (Brookes et al., 1983; Brookes, 1987, 1988; Gilvear 
and Winterbottom, 1992; Parsons and Gilvear, 2002; Surian and Rinaldi, 2003), 
restoration (Sear, 1994; RRC, 2013); alterations to the sediment regime (Macklin, 1997; 
Rinaldi et al., 2005; Heckmann et al., 2017) flow regulation and dams (Petts, 1979; 
Williams and Wolman, 1984; Kondolf, 1997; Pique et al., 2017). Therefore, channels 
adjust in response to these collective controls. In Figure 1.2, exogenic controls directly 
and indirectly influence the endogenic controls (discharge, stream power, sediment 
supply, transport, erosion and deposition), which constitute the central spine 
determining sediment continuity and channel planform (Fig. 1.2). At present, there is 
no consistent methodology to quantify the collective variables controlling channel 
planform adjustment or stability spatially and temporally in upland regions.  
 
1.5  Temporal patterns of planform adjustment and stability 
Two-dimensional channel planform adjustment and stability can be readily identified 
from available historic maps and air photographs over the last 150 years, defined herein 
as a period of ‘measurable change’ (Schumm and Lichty, 1965; Hooke and Redmond, 
1989b; Winterbottom, 2000; Higgitt et al., 2001; Grabowski and Gurnell, 2016). Over 
the last 150 years, there have been changes in climate, anthropogenic activity and river 
management across upland regions which can influence water and sediment continuity 
and therefore the rates and patterns of planform adjustment (Fig. 1.3) (Winterbottom, 
2000; Higgitt et al., 2001; Rumsby, 2001; Brown et al., 2017).  For example, a warming 
climate has been associated with increases in high intensity convective rainfall events, 
causing an increase in fluvial flooding, sediment transfer and planform change within 
upland rivers (Fig. 1.3), (Higgitt et al., 2001; Foulds and Macklin, 2016). There has 
been a ‘great acceleration’ (Brown et al., 2017) of anthropogenic activity, including 
changes in land use and direct channel modification over the last 150 years in the era of 
the Anthropocene (Fig. 1.3). Factors that influence the temporal pattern of planform 
adjustments can occur both at the reach and catchment scales initiating immediate 
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(e.g. floods), progressive (e.g. climate or land use change) or discontinuous (e.g. 
sediment mining) or permanent disturbance (e.g. dam, bank protection) on channel 
planform (Dufour and Piégay, 2009; Piégay et al., 2020). Therefore, understanding the 
collective controls of historical patterns of change is important for identifying and 
understanding historic, present and potential future zones of persistent stability or 
adjustment (Hooke and Redmond, 1989a, 1989b).    
 
In the UK, 2D channel planform adjustment and stability can be readily identified by 
comparing available historic maps (Ordnance Survey County Series and National Grid 
map editions) and air photographs over the past 150 years (Harley, 1965a, 1965b; 
Werritty and Ferguson, 1980; Downward et al., 1994; Winterbottom, 2000; Gilvear and 
Bryant, 2016; Joyce et al., 2020). 1D and 2D information on endogenic and exogenic 
controls (Fig. 1.2) such as channel slope, width, catchment area, stream power and land 
use can also be easily quantified using digital terrain models (DTM), geology data, 
discharge and land management records (Marcus and Fonstad, 2010; Bizzi et al., 2019).  
Despite the range of available data, there is lack of a consistent quantitative 
methodology that takes a catchment wide assessment of planform adjustments from 
channel headwaters to valley sink and the key variables influencing planform 
adjustments over the last 150 years (Bizzi et al., 2019; Joyce et al., 2020). 
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1.6  Reach and catchment scale analysis of planform adjustment and stability  
Frequently, channel planform adjustments have been investigated at the reach scale, a 
short length of the river (e.g. 500 m), or on a single river, at locations of adjustment, or 
on high stream order channels (Schumm, 1969; Lewin and Hughes, 1976; Lewin, 1977; 
Lewin et al., 1977; Blacknell, 1981; Milne, 1982; Milne, 1983a, 1983b; Warburton et al., 
2002; Wishart et al., 2008; Hooke and Yorke, 2010).  Although very useful at the local 
scale, these studies often fail to characterise the spatial and temporal patterns of 
sediment continuity because:  
 
i) active adjustment reaches are not evaluated in the broader catchment 
context, for example, along the entire length of a river or between rivers 
in the same catchment where similar geographic conditions occur (Fryirs 
et al., 2009; Gurnell et al., 2016);  
ii) the historic pattern of channel adjustment and stability is not assessed; 
and, 
iii) the geomorphic variables of both stable and active channel reaches are 
not quantified, which is needed to explain and identify the locations 
susceptible to adjustment. 
 
Despite these limitations, 3D reach scale assessments allow detailed understanding of 
river behaviour and sediment dynamics (i.e. sediment size and mass, transport rate), 
(Hooke and Redmond, 1989a; Joyce et al., 2018). Therefore, it is necessary to place 
detailed reach scale planform adjustment studies in the catchment and regional context 
(Macklin et al., 1998; Piégay et al., 2016). Linking reach scale studies to wider 
catchment assessments of river channel planform adjustment will enable a better 
understanding of the types of planform adjustment and whether adjustments are 
typical or anomalous in the spatial and temporal context.  
 
Catchment scale assessments of river channel planform adjustments can be used to 
understand sediment continuity through the production, transfer and deposition process 
domains of the upland sediment cascade (Schumm, 1977; Montgomery, 1999; Joyce et 
al., 2018, 2020). The benefit of catchment scale planform adjustment studies are widely 
recognised (Hooke and Redmond, 1989a; Rosgen, 1994; Macklin et al., 1998; Wishart, 
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2004; Lisenby and Fryirs, 2016; England and Gurnell, 2016; Joyce et al., 2020), and 
reinforced in recent European and UK legislation, which emphasise the need for 
integrated and catchment wide consistent assessment of the hydro-morphological 
condition of rivers (i.e. understanding of inter-relationship between endogenic and 
exogenic controls and channel planform adjustment) (c.f. European Water Framework 
Directive (European Commission, 2000); Floods Directive (European Commission, 
2007), UK governmental 25 year Environmental Plan), (Rinaldi et al.,  2015a).  
 
Fluvial audits and hierarchal river and catchment characterisation approaches (Sear et 
al., 1995; Environment Agency, 2005; Brierley and Fryirs, 2005; Rinaldi et al., 2015a; 
Gurnell et al., 2016), which couple geomorphological field assessments and the use of 
historical sources of information and remote sensed data of river planform (Sear et al., 
1995; Environment Agency, 2005; Martínez-Fernández et al., 2019) have provided an 
important step towards understanding the geomorphic processes and styles of river 
planform adjustments at the reach and catchment scale (Brierley and Fryirs, 2005; 
Gurnell et al.,  2016). However, these approaches are often qualitative (Benda et al., 
2004), use complex scoring indexes to characterise river types (Rinaldi et al., 2013; 
Rinaldi et al., 2015a; Rinaldi et al., 2015b), do not directly quantify the temporal 
trajectory of planform adjustment and fail to capture the geomorphic characteristics of 
planform adjustment within the overall catchment structure (Lisenby and Fryirs, 
2016).  
 
Understanding the spatial pattern and geomorphic characteristics of planform 
adjustment across multiple catchments in a region represents an important area for 
further research development (Macklin et al., 1998; Brewer et al., 2000; Piégay et al., 
2020). Currently there is no consistent methodology to develop a quantitative regional 
database of channel planform adjustments and the geomorphic variables from 
headwater channels to sink (Downs, 1994, 1995). Regional assessments of river 
planform adjustments can be used to identify if adjustment patterns and controls are 
catchment specific, or similar across a geographically similar region and, identify 
‘active’ and ‘stable’ catchments. This can enable a wider understanding of sediment 
continuity and process-form behaviour to aid with the predictions of where adjustments 
might occur in the future and identify locations for management or restoration 
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priorities at a regional level (Macklin et al., 1998; Grabowski and Gurnell, 2014; Wohl 
et al., 2015; Brierley and Fryirs, 2016; Lisenby and Fryirs, 2016; Hooke et al., 2019).  
However, few studies take a rigorous quantitative assessment of planform adjustments 
from channel headwaters to sink at the catchment or multiple catchment (regional) 
scale (Lisenby and Fryirs, 2016; Joyce et al., 2020), or make comparisons between 
planform adjustment patterns between multiple catchments in a region over the last 
150 years. (Wishart, 2004).	
 
1.7  Thesis aim and research questions  
The aim of this research is to quantify the spatial patterns and geomorphic variables of 
upland river planform adjustment and stability over the past 150 years, at the reach, 
catchment and multiple catchment (regional) scale.  This will allow spatial and 
temporal patterns of planform adjustment to be identified, which is required to support 
process-based river management and restoration.  A series of research questions (RQ) 
have been designed to achieve this aim:  
 
RQ1. How do river planform adjustments vary spatially across multiple catchments in 
a region over the last 150 years? 
 
RQ2. What are the dominant exogenic and endogenic variables influencing the spatial 
distribution of river planform adjustments, and is this pattern catchment 
specific, or similar across multiple catchments in a region? 
 
RQ3. What is the influence of low frequency, high magnitude flood events on river 
planform at the reach, catchment and multiple catchment scale over the last 
150 years? 
 
1.8  Thesis structure and chapter objectives 
The thesis comprises of six chapters following the Introduction. Chapter 2 reviews the 
current understanding of sediment dynamics and planform adjustments in upland 
regions, focusing on UK uplands.  Chapter 3 describes the Lake District upland region, 
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a relevant upland region study site to investigate the patterns and controls of planform 
adjustment.  The results chapters (Chapter 4, 5, 6) explore the patterns and controls of 
planform adjustments at the three spatial scales constituting the reach, catchment and 
multiple catchment (regional) scale. Chapters 4, 5 and 6 are based on research papers 
that have been either published or are in preparation for peer-reviewed journals. 
Therefore, these chapters are presented in a self-contained style with introduction, aims 
and objectives, description of study site and methods, and presentation and discussion 
of the results. Chapter 7 concludes the main findings of this research linking the reach, 
catchment and regional scale spatial scales and recommends directions for future 
research. The Chapter objectives are described below. 
 
1.8.1  Chapter 2  
The objective of Chapter 2 is to review existing literature relating to the patterns and 
controls of river adjustment and the methodologies used to assess planform adjustment 
and stability in UK upland regions. The upland sediment cascade is presented as a 
framework to understand spatial patterns of planform adjustment and stability in the 
upland region. The review highlights that previous planform adjustment studies have 
been focused at the reach scale and that there is a need for combined catchment scale 
assessments, from upland headwater catchments to lowland valley and lake sinks. The 
Chapter discusses the importance of assessing planform adjustments over the last 150 
years. The literature review justifies the selection of an upland region for the study site 
(Chapter 3) and provides context for the methodology developed and used in Chapters 
4, 5 and 6.  
 
1.8.2  Chapter 3 
The objective of Chapter 3 is to identify and describe a study region where channel 
planform adjustments are frequent, can be quantified from channel headwaters to sink, 
and there is available historic and topographic data. The Lake District upland region, 
north-west England, is a suitable upland study site because it has: dynamic upland 
rivers and suitable spatial and temporal data available for the last 150 years. The 
Chapter provides an overview of the Lake District study region, which comprises of 17 
catchments. The geology, drainage pattern, climate and available data in the Lake 
District region are presented. The history of river management and its potential 
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influence on planform in the region is also discussed. The Chapter locates the three 
different spatial scales addressed in the thesis, which include: the reach (Chapter 4), 
catchment (Chapter 5), and multiple catchment (regional) scale (Chapter 6).   
 
1.8.3  Chapter 4  
The objective of Chapter 4 is to quantify the influence of a low frequency, high 
magnitude flood event (Storm Desmond, December 2015) on channel planform and 
sediment continuity at the reach scale.  The chapter discusses a sediment budget 
approach that was used to quantify the transfer and deposition of sediment along St 
John’s Beck, an upland river in the Lake District, in response to the extreme Storm 
Desmond flood. Field measurements show 6500 ± 710 t of sediment was eroded or 
scoured from the river floodplains, banks and bed during the event, with 6300 ± 570 t 
of sediment deposited in the channel or on the surrounding floodplains. The results 
highlight the importance of valley floodplains in disrupting longitudinal sediment 
continuity by storing large quantities of sediment during extreme events causing 
sediment attenuation downstream. This work has been published in Geomorphology 
and a copy of the paper is included in Appendix A:   
 
Joyce, H.M., Hardy, R.J., Warburton, J. and Large, A.R., (2018). Sediment continuity 
through the upland sediment cascade: geomorphic response of an upland river to an 
extreme flood event. Geomorphology, 317, pp. 45-61. 
 
1.8.4  Chapter 5  
The objective of Chapter 5 is to develop a methodology to assess the patterns and 
controls of planform adjustment and stability over the period of measurable change at 
the catchment scale. The methodology developed is applied and tested on 18 rivers 
(total length = 24 km) in the upland headwaters of the previously glaciated Wasdale 
catchment (45 km2), in the Lake District study region. Planform adjustments were 
mapped from historic maps and air photographs over six time windows covering the 
last 150 years. A total of 1048 adjustment and stable reaches were mapped. Over the 
full period of analysis (1860s – 2010) 32 % (8 km) of the channels studied were 
adjusting. Contrasts were identified between the geomorphic characteristics (slope, 
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catchment area, unit specific stream power, channel width and valley bottom width) of 
adjusting and stable reaches. The methodology developed provides a quantitative 
assessment of planform adjustment patterns and geomorphic controls, which is applied 
at the regional scale in Chapter 6. This work has been published in Geomorphology and 
a copy of the paper is included in Appendix B:   
 
Joyce, H.M., Warburton, J., Hardy, R.J., (2020). A catchment scale assessment of 
patterns and controls of historic 2D river planform adjustment. Geomorphology 
https://doi.org/10.1016/j.geomorph.2020.107046 
 
1.8.5  Chapter 6  
The objective of Chapter 6 is to take a multiple catchment scale assessment of the 
patterns and controls of historic 2D river planform adjustments. The Chapter presents 
the first multiple catchment scale assessment of patterns and controls of 2D planform 
adjustment and stability in the Lake District upland region. The methodology 
developed and tested in Chapter 5 is applied to the remaining 16 catchments in the 
Lake District study region. The results show, low order headwater channels were 
topographically confined, with steep channel slopes, high specific stream powers and 
narrow channel widths and therefore these channels exhibited relative 2D stability. In 
contrast, the floodplain valley transfer zone is characterised as an area of sediment 
discontinuity with local sedimentation zones as the channel slope and stream power 
decreases and valley bottom width increases creating accommodation space for 
sediment deposition and lateral adjustment. Regionally, over the full period of analysis 
(1860s – 2010) 21 % (128 km) of channel lengths were mapped as adjusting. The 
temporal analysis highlighted catchments showing persistent adjustment (Ennerdale, 
Wasdale and Calder) and stability (Sleddale, Kent and Haweswater) across the upland 
region. Stable and adjusting reaches had statistically significant differences between the 
mean geomorphic characteristics: valley bottom width, channel width, slope and 
specific stream power.  
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1.8.6  Chapter 7 
Chapter 7 summaries the major findings of this research in relation to the research 
questions outlined in Chapter 1. Regionally, relative 2D planform stability was 
observed in confined second order headwater channels. In contrast, a higher frequency 
of planform adjustments were observed where channels became locally unconfined and 
stream order number increased across the Lake District upland region. Valley bottom 
width was therefore found to be an important exogenic variable influencing 
accommodation space for planform adjustment. However, patterns of planform 
adjustment showed local catchment and reach scale variability where anthropogenic 
activities were present. At the reach scale, extreme flood events were shown to have a 
significant influence on sediment continuity and planform adjustment. However, at the 
regional scale the link between planform adjustment and flood frequency and 
magnitude was harder to define. This is attributed to the availability of data, the 
multiple interacting endogenic and exogenic variables influencing planform adjustment 
and stability, and the complex response of planform to such controls. Chapter 7 
concludes by commenting on the implications of the results for future management of 
upland catchments.  
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Chapter 2 
 
 
Sediment dynamics and planform 
adjustment controls in upland catchments 
 
 
2.1  Chapter summary  
The aim of this research is to quantify the spatial and temporal patterns and controls 
of upland river planform adjustment and stability, and therefore there is a need to 
review the current understanding of the topic. This Chapter provides an overview of 
the existing literature relating to sediment supply, transfer and deposition, planform 
adjustment controls and the methodologies used to assess planform adjustment and 
stability, focusing on UK examples. The Chapter concludes that previous planform 
adjustment studies have been focused at the reach scale, on individual exogenic 
controls. Therefore, there is a need for combined reach, catchment and multiple 
catchment scale assessments to capture historic patterns of planform adjustment and 
the collective controls influencing sediment continuity.  
 
2.2  The Upland Sediment Cascade  
The upland sediment cascade (USC) describes the supply, transfer and storage of 
catchment sediment from source to sink (Rapp, 1960; Chorley and Kennedy, 1971; 
Dietrich and Dunne, 1978; Slaymaker, 1991; Burt and Allison, 2010). The USC 
provides a structure to understand the spatial patterns of sediment continuity, channel 
planform adjustment and stability in upland catchments. Figure 2.1 provides a 
framework for the USC displaying the main sediment sources, sinks and sediment 
continuity over time that are often characterised in upland sediment budget studies 
(Rapp, 1960; Dietrich and Dunne, 1978; Reid and Dunne, 1996; Fuller et al., 2002; 
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Brewer and Passmore, 2002). In this thesis, the USC is adapted from Schumm’s (1977) 
simple sediment transfer model that divides the fluvial system into the production, 
transfer and deposition zones. In many upland regions, the presence of glacially formed 
over deepened basins, which form waterbodies, restrict sediment continuity between the 
zones (Herdendorf, 1982; Foster, 2010; McDougall and Evans, 2015). These basins occur 
both towards headwaters, between catchment production and transfer zones, as well as 
in lowland reaches where they form major long-term depositional sites (Petts, 1979; 
Williams and Wolman, 1984; Kondolf, 1997). Consequently, sediment transfer and 
planform adjustment is influenced by sediment continuity and discontinuity in zones 
upstream or downstream of waterbodies (Fig. 2.1).  
 
However, waterbodies are not present in all upland catchments. In upland catchments 
where no waterbodies are present, the transition from the headwater zone to the 
transfer zone can be defined where the channel becomes topographically unconfined, 
channel slope decreases and planform changes from cascade or mountain torrent to 
straight, meandering or pool-riffle sequence. In these catchments, sediment continuity 
will be uninterrupted. Therefore, it is expected that sediment continuity and planform 
adjustment will differ in catchments with and without waterbodies. 
 
The movement of coarse sediment in and between the stores of the USC has been 
compared to a ‘jerky conveyor belt’ (Ferguson, 1981; Newson, 1997) where sediment is 
transferred and stored over a range of temporal scales and moves in slugs, pulses or 
waves  (Church and Jones, 1982; Reid et al., 1985; Nicholas et al., 1995).  Sediment 
stores can release or buffer downstream sediment transport rates in response to 
exogenic or endogenic forcing, and therefore sediment can move at different spatial 
scales, intermittently through the USC impacting channel planform. For example, 
meso-scale slugs (wavelength 10-1-102 m) have no or very minor impact on channel 
planform creating local particle clusters or riffles, macroscale slugs (wavelength 101-
103 m) involve minor planform adjustments such as bar reorganisation, megaslugs 
(wavelength >103 m) result in channel adjustment such as bar accretion, bend 
adjustment, bar reorganisation; and superslugs (catchment scale) involve major valley 
floor adjustment (Hoey, 1992; Nicolas et al., 1995). Historical analysis of channel 
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planform adjustments over the last 150 years can be used to identify changes in 
sediment dynamics and the passage of sediment through the USC (Wishart, 2004).  
 
Figure 2.1. The upland sediment cascade (USC) framework displaying sediment stores and the 
relative sediment continuity through each store during non-flood conditions. In this thesis, the 
USC framework is modified from Schumm’s (1977) simple sediment cascade model. 
 
In Figure 2.1, the USC production zone is characterised by mountain torrent and 
cascade first and second order channels that have steep slopes (>0.03-0.30) and 
surrounding hillslopes (>0.15-0.7) (Montgomery and Buffington, 1993). Channels are 
categorised as longitudinally and laterally disorganised, with large boulders forming 
step pool like structures in the channel (Montgomery and Buffington, 1993). Here, 
channels are confined by the local valley topography and have no intervening 
floodplain; hillslopes are strongly (>80%) coupled to the channel (Lewin, 1981; 
Montgomery and Buffington, 1993; Harvey, 2001; Korup, 2005; Crozier, 2010). 
Sediment flux in this zone is via both suspended sediment and bedload transport 
(Johnson et al., 2001; Johnson et al., 2008), coarse sediment stored on hillslopes can be 
mobilised during heavy rainfall events, thus contributing to the total sediment load 
(Ashbridge, 1995). Hillslope erosion processes (mass wasting or water-driven) are the 
principal sources of sediment, which is deposited either on the hillslopes or in the 
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channel (Montgomery and Buffington, 1993; Fuller et al., 2016). Consequently, 
planform adjustments are limited in this zone due to topographic confinement and are 
associated with vertical bed incision or transfer of large boulders during large 
magnitude flood events (Johnson and Warburton, 2002).  
 
Previous studies have explored sediment dynamics in the USC production zone at the 
reach and channel scale including: (i) hillslope-channel coupling relationships (Harvey, 
2001, 2007; Johnson et al., 2008; Smith and Dragovich, 2008; Caine and Swanson, 
2013); (ii) variability in sediment supply, transfer and deposition (Johnson and 
Warburton, 2006); (iii) response of these systems to extreme flood events (Johnson and 
Warburton, 2002); and (iv) the relative contribution of sediment sources to the channel 
through a sediment budget approaches (Warburton, 2010). These studies provide a 
detailed understanding of sediment transfer and deposition in the production zone of 
the USC, however, few compare sediment dynamics between the production and 
transfer zone, or between upland catchments over the past 150 years. The aim of this 
thesis is to capture planform adjustments and sediment continuity spatially through the 
upland sediment cascade zones between multiple catchments over the last c. 150 years.  
 
In the transfer zone (Fig. 2.1), sediment sources and deposits differ from those of the 
production zone as the channel (or piedmont channel) gradient decreases (slopes of 
<0.001-0.03), floodplain width increases, and the channel becomes unconfined allowing 
greater channel-floodplain interaction (Lewin, 1981; Church, 2002). Channels in the 
transfer zone typically have Strahler (1952; 1957) stream orders ≥ 3, display riffle-pool 
and meandering planforms with active and vegetated bars.  Hillslope erosion processes 
are largely disconnected from the active channel by floodplains and therefore do not 
contribute directly to channel sedimentation (Lewin, 1981; Newson, 1981; Church, 
2002). Instead, sediment in this zone is sourced from tributary inputs and reworked 
from the channel bed or banks. Suspended sediment dominates the low to medium flow 
sediment fluxes, with bedload sediment stored in the channel only mobilised at 50 - 
60 % of bankfull flow (Carling, 1988; Knighton, 1998; Fuller et al., 2002). Only during 
overbank flow is the largest bedload sediment entrained in any quantity in this zone 
(Carling, 1988).  Sediment continuity in the transfer zone is heavily influenced by 
anthropogenic modifications to the system (Fryirs et al., 2007; Lewin, 2013).  
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The presence of upstream reservoirs or impoundments disrupt coarse sediment supply 
from headwaters, and influence the potential for sediment transport downstream 
through flow regulation in the transfer zone (Petts and Thoms, 1986; Kondolf, 1997). 
For example, Petts (1980) showed that channel capacities on five impounded rivers in 
the Scottish Southern uplands were reduced to between 0.16 and 0.54 of their pre-
impoundment capacity. This results in sediment aggradation and channel narrowing 
(Gilvear, 2000).  In addition, many upland rivers in the transfer zone have become 
‘genetically modified’ over time (Lewin, 2013) with channels artificially confined by 
flood protection structures to safeguard adjacent land, reducing channel-floodplain 
interactions. Channel confinement and embankments disconnect the sediment supply, 
narrow the channel enhancing stream power locally (Surian and Rinaldi, 2003). For 
example, on the River Tay in Scotland, flood protection embankments built in the 19th 
and 20th centuries modified multichannel wandering gravel bed river sections to 
narrower single-channel reaches, with limited lateral migration (Gilvear and 
Winterbottom, 1992). Consequently, sediment continuity and potential for sediment 
storage and planform adjustment in the transfer zone is modified and reflects a legacy 
of anthropogenic activity over the period of measurable change (Wohl, 2015).  
 
The USC provides a useful framework for understanding sediment continuity and 
planform typologies and potential for adjustment through the stream order hierarchy. 
However, few studies have explored planform adjustments or compared river behaviour 
between production and transfer zones over the period of measurable change at the 
reach, catchment or regional scale. This thesis aims to address this by exploring reach, 
catchment and multiple catchment spatial variability in planform adjustment and 
sediment continuity over the last c. 150 years in an upland region. To understand 
sediment continuity through the USC it is important to understand the exogenic and 
endogenic controls.  
 
2.3  Exogenic and endogenic factors influencing planform adjustment  
To understand the spatial and temporal patterns of river planform adjustment types it 
is important to discuss the exogenic and endogenic factors controlling water and 
sediment discharge across a catchment (Fig. 1.2, Chapter 1). Exogenic controls include 
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climate, geology, topography, vegetation and anthropogenic activity; endogenic controls 
include discharge, stream power, sediment transfer, erosion and deposition (Figure 1.2, 
Chapter 1). Endogenic processes can create ‘endoslugs’ which describes the transfer of 
sediment sourced from the riverbed or bank erosion caused by flows above the critical 
entrainment threshold (Wathen and Hoey, 1998). In contrast ‘exoslugs’ are generated 
by an addition of sediment from external sources to the river such as slope failures, or 
anthropogenic activities such as mining (Knighton, 1989).  This section (Section 2.3) 
describes the exogenic controls influencing endogenic processes and planform 
adjustment and stability. This section begins by exploring the exogenic controls: 
climate, geology, anthropogenic activity and land cover (Section 2.3.1 – 2.3.4). The 
second section (Section 2.3.5) explores the impact of exogenic controls on endogenic 
processes: sediment supply, transfer and deposition. 
 
2.3.1  Climate 
Climate is an exogenic control and determines precipitation quantity and intensity, 
which influences endogenic processes: river discharge, flood frequency and magnitude 
(extreme events), stream power and therefore the potential for sediment erosion, 
transfer and deposition (Newson, 1980a; Wolman and Miller, 1960; Milne, 1982; 
McEwen, 1994; Rumsby and Macklin, 1994). High magnitude, low frequency flood 
events can cause riverbed and bank erosion, transport high quantitates of sediment over 
short time periods (hours) and are therefore often viewed as the principal mechanism 
driving planform adjustment (Leopold and Maddock, 1953; Rumsby and Macklin, 1994; 
Joyce et al., 2018; Joyce et al., 2020). For example, hydraulic geometry theory (Leopold 
and Maddock, 1953) states that channel planform is governed by a dominant discharge, 
e.g. bankfull discharge (Ackers and Charlton, 1970). In the upland Howgill Fells, 
Cumbria, Harvey (1991) found a positive relationship between discharge and channel 
width. However, Wolman and Miller (1960) proposed that the range, magnitude and 
frequency of flow events are important in promoting channel change. For example, 
frequent, low-magnitude flow events can have an equal control on channel morphology, 
which are often disguised in power law relationships (Lane and Richards, 1997). Pickup 
and Warner (1976) found that the most effective discharges with regard to bedload 
transport occurred 2-5 times a year and were the small frequent flows (1.58 – 2 year 
return flood (natural bankfull discharge)).  Understanding the link between climate and 
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discharge is therefore important for interpreting the pattern and controls of river 
planform adjustment over the last c. 150 years, which is discussed in this section.  
 
Atmospheric circulation patterns have been linked to the occurrence of flood events and 
planform adjustments (Rumsby and Macklin, 1994; Rumsby and Macklin, 1996; 
Werritty and Leys, 2001). Rumsby and Macklin (1994) studied the relationship 
between zonal (westerly) and meridional (easterly) weather patterns on flood frequency 
and magnitude on the River Tyne, north-east England. High frequency major (>20 
year return period) and moderate (5 - 20 year return period) floods occurred during 
meridional periods and caused river bed incision. Meridional circulations were 
associated with higher-intensity precipitation, lower rates of evapotranspiration and 
therefore higher soil wetness, which promoted rapid runoff and large flood peaks 
(Rumsby and Macklin, 1994; Pattinson and Lane, 2012). In contrast, flood-poor periods 
occurred during zonal and intermediate phases (no dominant circulation pattern) and 
were characterised by lateral river reworking (Rumsby and Macklin, 1994).  Rumsby 
and Macklin (1994) observed river metamorphosis during flood-rich periods on 
Thinhope Burn and Broomhaugh islands piedmont zone, however, this pattern of 
adjustment is also attributed to a legacy of mining activity in the catchments acting as 
a major ‘exoslug’ supply of sediment to the channel during flood-rich periods, increasing 
the sensitivity of the system to change (Rumsby and Macklin, 1994). Therefore, 
planform adjustments can occur in response to multiple exogenic controls.  
 
Werritty and Leys (2001) explore changes in channel planform on nine Scottish upland 
piedmont rivers in the transfer zone of the USC, in response to flood-rich and flood-
poor periods over 250 years. Rates of lateral channel adjustment and gravel bar 
reworking coincided with the occurrence of flood-rich periods (Werritty and Leys, 
2001). However, the scale of reworking was less dramatic than the reported planform 
adjustments (metamorphosis) identified in catchments in northern England by Rumsby 
and Macklin, (1994). This is attributed to differences in land use, with the Scottish 
rivers being weakly coupled to the surrounding valley hillslopes and relatively coarse 
glacial sediment beds (Werritty and Leys, 2001). Therefore, in the Scottish upland 
example, rivers demonstrate a ‘robust behaviour’ with only internal adjustments in 
their planform in response to flood-rich periods (Werritty and McEwen, 1997).  
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Pattison and Lane (2012) plot flood-rich and flood-poor periods for the upland river 
Eden catchment, Cumbria, north-west England, and link flood occurrence to Lamb 
weather types. Flood-rich periods were identified between 1873–1904, 1923–1933, and 
1994 onwards (Pattison and Lane, 2012). Of the 27 objective Lamb weather types 
(Lamb, 1950), only 11 could be associated with the extreme floods during the gauged 
period, and only 5 (cyclonic, westerly, south-westerly, cyclonic-westerly, and cyclonic 
south-westerly) of these accounted for >80% of recorded extreme floods (Pattison and 
Lane, 2012). The periods of extreme floods also align with periods of a strong positive 
NAO index (Wilby et al., 1997). Flood-rich and flood-poor periods and the links to 
Lamb weather types are not nationally synchronous (Macdonald, 2006; Macdonald et 
al., 2010; Macdonald and Sangster, 2017). Regional and catchment scale characteristics, 
for example orographic rainfall controls, rain-shadow effects and the distance from 
oceans (Dixon et al., 2006) can influence local climate variability. In addition, local 
catchment characteristics, anthropogenic activity and antecedent conditions means 
geomorphic response can differ amongst catchments in response to changes in climate 
and precipitation events (Pattison and Lane, 2012).  Therefore, the link between 
climate and the frequency and magnitude of floods and subsequent planform 
adjustments can vary between catchments in the same region.   
 
More recently, palaeo floods have been reconstructed using lake sediment cores from 
Bassenthwaite Lake, Lake District, UK (Chiverrell et al., 2019). In the Lake District, 
recent flood events (2005, 2009, 2015) and associated planform adjustments were 
unprecedented in the 558 year palaeo record (Chiverrell et al., 2019). The flood-rich 
periods are non-stationary in their correlation with climate indices, but a 1990 – 2018 
flood rich period is associated with warmer Northern Hemisphere temperatures and 
positive Atlantic multi-decadal oscillations (Chiverrell et al., 2019).  
 
Climate is commonly believed to indirectly influence river planform through variations 
in precipitation influencing discharge and stream power (Newson, 1980a; Wolman and 
Miller, 1960; Milne, 1982; McEwen, 1994; Rumsby and Macklin, 1994).  However, 
Blacknell (1981) measured channel bank erosion on an upland river in Wales, and 
linked the temporal pattern to precipitation and the number of days in a month in 
which air frost was recorded. The rate of river bank erosion increased in response to an 
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increase in the number of frost days in January 1979, immediately following two 
months of relatively high rainfall (Blacknell, 1981). Freeze-thaw processes can aid 
removal of material from non-cohesive banks. Therefore, temperature plays a secondary 
influence on bank stability and the potential for planform adjustment after 
precipitation input.  
 
Climate determines precipitation quantity and intensity, which influences endogenic 
processes: river discharge, flood frequency and magnitude stream power and therefore is 
important for influencing sediment erosion, transfer, deposition and planform 
adjustment. Flood-rich periods have been associated with changes to river channel 
planform (Werritty and Leys, 2001; Pattison and Lane, 2012). However, the link 
between climate and flood-rich periods can vary between catchments regionally due to 
local system characteristics (e.g. land use, channel hillslope coupling) and orographic 
rainfall effects. This research will investigate the influence of low frequency, high 
magnitude flood events on river planform at the reach, catchment and multiple 
catchment scale in an upland region over the last 150 years (research question 3).  
 
The following sections discuss the influence of geology, glaciation, anthropogenic 
activity and land cover on sediment continuity and channel stability.  
 
2.3.2  Geology and glacial legacy  
In upland regions, the catchment topography is conditioned by the underlying geology 
and glacial legacy (Newson, 1981; Cienciala et al., 2020). Geology sets the availability 
of sediment and type of channel, i.e. bedrock or alluvial systems and therefore the 
potential for channel planform adjustment (Schumm, 2006).  In the UK, Quaternary 
glaciations created confined and unconfined U-shaped valleys, eroded valley sides and 
floors depositing unconsolidated sediment setting the source of material for transport by 
rivers (Newson, 1981).  The geology and glacial legacy sets the USC structure (Fig. 
2.1), which influences the location of channel planform types, potential for adjustment 
and sediment supply, transfer and deposition (Wilson, 2010).  
 
The topography influences the potential for river adjustment and the coupling of 
sediment sources to the river channel (Harvey, 1991; Harvey 2001; Fryirs, 2007; Fryirs 
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et al., 2013). Playfairs law (Playfair, 1802) states river size will be proportional to the 
size of the valley; hence valley confinement will influence the potential for the river 
channel to migrate and avulse (Lane and Richards, 1997; Whiting and Bradley, 1993; 
Fryirs et al., 2016; Cienciala et al., 2020). For example, first and second order channels 
in catchment headwaters (production zone of USC) are often topographically confined 
and therefore it is expected that these channels will display little 2D lateral adjustment 
to channel banks. Instead, adjustments in these channels will be bar adjustment, or 
vertical bed incision over the period of measurable change (Milne, 1983a,b; 
Montgomery and Buffington, 1993; Downs and Gregory, 1993). In contrast, where 
channels are laterally unconfined, channels can interact with floodplains as there is 
accommodation space for adjustments, such as avulsions (Schumm, 1977; Church, 1996; 
Ibisate et al., 2011).   
 
Figure 2.2 shows an example of hillslope and valley channel coupling in the upland 
Carlingill valley, in Howgill Fells, north-west England (Harvey, 2001). In the channel 
headwaters, mass wasting events can deliver sediment directly to the channel 
episodically at the event scale, or material can be stored and released intermittently to 
the channel from debris cones or alluvial fans (Fig. 2.2), (Harvey, 1991; 2000). 
Downstream, in the floodplain valley transfer zone of the USC, channels become 
disconnected from the hillslopes and therefore the main sediment sources are from 
channel floodplains and banks through lateral reworking during bankfull and over-bank 
flows (Fig. 2.2).  
 
2.3.3  Anthropogenic Activity 
Anthropogenic activity is an exogenic control, and can alter river discharge, sediment 
supply and can directly change channel planform and therefore influence the potential, 
frequency and type of planform adjustment spatially and temporally through the USC 
(Sear et al., 2000; Downs and Gregory, 2004; James and Marcus, 2006; Macklin and 
Lewin, 2008; Macklin et al., 2014; Gregory, 2019).  
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Figure 2.2. Sediment coupling zones across the USC demonstrated in the Carlingill catchment, 
north-west, England. Source: Harvey (2001).  
 
Anthropogenic activities have been impacting fluvial systems both directly and 
indirectly for thousands of years (Downs and Gregory, 2004; Higgitt et al., 2001; Lewin 
et al., 2010) via river channelization, water abstraction, flow regulation, mining, 
agriculture, urban development and channel redesign and restoration (Lewin, 2013), 
examples of these modifications are summarised in Table 2.1. As a result, many upland 
catchments are ‘genetically modified’ (Lewin, 2013). Despite the fact that some 
anthropogenic activities have reduced or ceased in UK uplands over the last 1000 years 
(e.g. mining, deforestation), effects of anthropogenic activity can have lasting legacies, 
which rivers are still adjusting to in response (Wohl, 2019). Therefore, it is important 
to be aware of anthropogenic activities occurring both over the last c. 150 years and 
longer timescales when interpreting the patterns of planform adjustment and stability.  
 
2.3.3.1  River channel management and maintenance  
River channels have been directly and indirectly modified since the medieval period to 
protect land, homes and infrastructure from flooding, to prevent riverbank erosion, 
make rivers navigable and for land drainage (Vaughan, 1610; Taylor, 1864; Grantham, 
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1859; Smith, 1910; Brookes 1988), Table 2.1. The Land Drainage Act (1861) and 
subsequent revisions of this legislation have enforced the management of river systems 
(Brookes, 1988). For example, in 1927, a Royal Commission on Land Drainage in 
England and Wales reported that “rivers under ‘modern’ conditions of roofing, paving 
roadmaking sanitation and agricultural underdrainage were selected to create discharge 
functions for which they were not designed by nature” (Brookes, 1988). Therefore, 
rivers were often modified (straightened, dredged, Tables 2.1, 2.2) to make them 
suitable for modern day living. The Land Drainage Act (1930s) and subsequent River 
Boards Act (1948) further highlighted the importance of maintaining and documenting 
river management across the UK. The Water Resources Act of 1963 established 
regional water authorities, which was superseded by the Water Act 1989 in which 
management was led by National River Authorities (1989 – 1996). The National River 
Authorities have since has been superseded by the Environment Agency who currently 
manage and maintain these systems across catchment partnerships and rivers trusts. 
Channel management has historically involved hard-engineering approaches (e.g. 
embankments, bank rock armour), soft-engineering ‘green’ solutions (i.e. tree planting) 
to more recently, river restoration schemes (Sear, 1994; Wohl et al., 2005; RRC, 2013; 
Williams et al., 2020).  
 
River ‘channelization’ is defined as a form of channel management where a river is 
straightened, re-sectioned, banks are reinforced, embankments are built or the channel 
is cleared and maintained, definitions of these terms are listed in Table 2.2 (Brookes, 
1988; Knighton, 1988).  Engineering works alter endogenic processes: stream power, 
sediment continuity and lateral floodplain interaction (sediment supply) and therefore 
the potential for planform adjustment (Petts et al., 1989).  For example, river 
straightening decreases the channel length (by reducing sinuosity) and therefore 
increases channel slope, velocity and sediment transport capacity (Brookes, 1985). 
Downstream of straightened reaches sediment is deposited as the sediment transport 
capacity is reduced, sediment deposition promotes flow divergence to banks causing 
subsequent riverbank erosion (Brookes, 1985). Dredging lowers the riverbed level, 
causing upstream migration of bed incision (knick-point migration) (Kondolf, 1997), 
increases channel bank height, which triggers bank erosion leading to lateral channel 
instability (Sear and Archer, 1998).  Channelization works have often been piecemeal, 
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at the reach scale on high stream order channels in the floodplain valley transfer zone 
of the USC. Piecemeal approaches are often ineffective because they fail to understand 
the spatial and temporal patterns of sediment transfer through the USC.  Therefore, 
the approach is unsustainable providing only a localised, short-term fix (Gurnell et al., 
2015). Hence, the challenge is to better understand the interaction of sediment and flow 
on channel planform at the reach, catchment and regional scale in upland environments 
to better inform and target sustainable management actions (Gilvear, 1999; 
Winterbottom, 2000; Hoffman et al., 2010; Brierley and Fryirs 2016). 
 
Table 2.1. Anthropogenic developments and modifications to rivers over time (modified from 
Downs and Gregory (2004)).  
 
 
 
 
 
 
Time period Anthropogenic developments River management methods 
Pre-industrial 
revolution 
Flow regulation 
Drainage schemes 
Fish weirs 
Water mills 
Navigation 
Land drainage 
In-channel structures 
River diversions 
Dredging  
Local channelization 
Industrial revolution 
(1800s)  
Industrial mills 
Cooling water 
Power generation 
Irrigation 
Water supply 
Dam construction 
Canal building 
River diversions 
Channelization  
Late 19th century – 
mid 20th century 
Flow regulation  
Flood defences 
Dam construction 
Channelization 
River diversions 
Structural revetments  
River basin planning 
Mid 20th century  River flow regulation 
Integrated river use projects 
Flood control 
Conservation management 
Management of rivers 
Dam construction 
River basin planning 
River diversions 
River restoration 
Late 20th century 
and early 21st 
century 
Conservation 
Restoration  
Rewilding 
Catchment based river 
management and planning 
Mitigation, enhancement and 
restoration techniques  
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Table 2.2. River channelization methods (based on Nunnally and Keller, 1979; Knighton, 1998).  
 
 
 
 
 
 
 
 
 
 
 
On the upland river Tay, Scotland, flood embankments and channel straightening 
confined a previously braided channel to a stable single channel through the 19th and 
20th century (Gilvear and Winterbottom, 1992; Gilvear, 1993). Flood embankments 
have also reduced channel braiding on the Rivers Tummel and Tay (Winterbottom, 
2000) and the River Dee (McEwen, 1989). However, despite bank protection the 
previously braiding zones are still susceptible to planform adjustment causing flood 
embankments to be breached, channel shifts and the development of gravel bars during 
flood events as the channel attempts to adjust to a pre-disturbed condition (Gilvear 
and Winterbottom, 1992; Gilvear, 1993). This example highlights how anthropogenic 
activity can alter natural sediment continuity and therefore planform adjustment.  
 
Many channelization schemes are poorly documented and took place prior to the first 
Ordnance Survey (OS) map of England in the early 19th century (Winterbottom, 2000) 
and therefore it can be difficult to identify modified channels from available historic 
data. However, channelized rivers often have distinctive characteristics (Table 2.2) such 
as uniform straight planforms, little mature vegetation, or vegetation of a similar age, 
and reinforced banks with artificial materials and can be identified from air 
photographs or field site visits.   
 
River management has shifted from hard engineering channelization projects to more 
sustainable river restoration schemes in the 21st century (Table 2.1). River restoration 
Method Definition 
Straightening River is shortened by artificial cutoffs, steepening the 
gradient and increasing flow velocity. 
Resectioning Widening and/or deepening of the river channel to 
increase its conveyance capacity and therefore reduce 
the incidence of overbank flooding. 
Embankments Channel banks are artificially raised, or embankments 
are constructed along the river banks to confine 
floodwaters. 
Clearing, snagging, 
dredging 
Removal of obstructions / sediment from the channel to 
decrease resistance and increase capacity and flow 
velocity.  
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schemes aim to restore the natural functioning of river systems that channelization and 
land management practices might have reduced (Sear, 1994; Wohl et al., 2005; Beechie 
et al., 2010; RRC, 2013; Grabowski et al., 2014; Williams et al., 2020). Restoration 
schemes can involve modifying channel planform shape, including: re-meandering 
previously straightened rivers, removing artificial structures, installing woody debris 
and pool-riffle sequences to improve the geomorphic diversity, natural functioning and 
create habitats (Sear, 1994; Kronvang et al., 1998; Wohl et al., 2005; Beechie et al., 
2010; Kondolf, 2011; RRC, 2013). For example, the Allt Lorgy, a tributary of River 
Dulnain within the Spey catchment, Scotland, had been historically realigned 
(straightened), with extensive raised embankments, dredging and boulder bank and toe 
protection, this lead to channel bed incision and a decrease in geomorphic heterogeneity 
(Williams et al., 2020). Restoration of the channel involved removing the artificial bank 
protection and allowing the channel to laterally migrate and develop natural wandering 
pool-riffle sequence (Williams et al., 2020). Four years after restoration, lateral channel 
migration and associated bank erosion enabled the formation and maintenance of 
lateral and point bars, riffles and overall, the spatial extent of in-channel geomorphic 
units increased by 31 % (Williams et al., 2020).  Consequently, rivers in the UK have a 
legacy of channel management, including channelization and more recently river 
restoration over the era of measurable change through the stream network hierarchy. 
Understanding the history of channel management works is important for interpreting 
the patterns and controls of river channel planform adjustment to assess if they are 
natural or artificial.  
 
2.3.3.2  Lakes, dams and impoundments (flow regulation) 
Previous research has discussed the impacts of lakes, dams and impoundments 
downstream on flow regulation, sediment transport and channel planform in the USC 
transfer zone (Petts and Lewin, 1979; Gurnell, 1983; Williams and Wolman, 1984; 
Kondolf, 1997; Petts and Gurnell, 2005). Lakes, dams and impoundments act as long 
term or permanent sinks of sediment in the USC disconnecting the upstream sediment 
supply from downstream (Kondolf, 1997; Foster, 2010). As a result, directly 
downstream of reservoirs enhanced bed and bank erosion is often observed changing 
channel planform and gradient (Petts, 1979). Further downstream, regulated flows 
reduce the magnitude of peak flow events leading to sediment aggradation due to a 
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reduction in sediment transport rates (Petts, 1979; Brewer et al., 2000). Shields et al. 
(2000) found that reduced frequency and duration of high flow events downstream of 
reservoirs reduced channel lateral migration rates by factors of 3 to 6. Channel response 
to dams and impoundments tend to be rapid after construction, however, over longer 
time periods of reduced flows planform adjustments tend to be progressive as they 
disrupt sediment continuity through the USC (Williams and Wolman, 1984). In the 
Lake District upland region, north-west England, water is abstracted from Thirlmere 
Reservoir, Ennerdale Water, Crummock Water, Haweswater, Kentmere Reservoir, Wet 
Sleddale Reservoir and Wast Water therefore rivers downstream of these lakes will be 
influenced by flow regulation.  
 
2.3.3.3  Metal mining and gravel extraction  
Metal mining has been occurring in the UK uplands since the Roman period (White, 
1998). Metal mining intensified and began to influence river sediment yields and 
channel planform during the 18th and 19th century (Macklin, 1986; Higgitt et al., 2001; 
Warburton et al., 2002; Wishart, 2004).  Hydraulic mining operations (hushing) 
(White, 1998), ore crushing (Bowes and Proud, 1984) and the erosion of spoil heaps can 
directly supply coarse and fine sediment ‘exoslugs’ to channels promoting changes in 
planform (Knighton, 1989; Wishart et al., 2008). In addition, the deposition of 
phytotoxic fine sediment from mines prevents riparian vegetation growth, reducing 
bank stability (Macklin and Lewin, 1989).  The volume of water and sediment supplied 
to the channel depends on the proximity of the mine to the channel and the duration 
and intensity of extraction from the mine (Macklin, 1997). In Hudeshope Beck, 
Teesdale and Black Burn, northern Pennines, rivers show downstream channel and 
floodplain sedimentation as a result of direct episodic inputs of sediment from hushing 
operations (Macklin, 1997).  However, in some locations sediment delivery to channels 
from mining activities can have little impact on channel planform as it is directly 
transported through the fluvial system (passive dispersal) (Lewin and Macklin, 1987; 
Taylor and Macklin 1998).  
 
Gravel extraction has affected the planform of piedmont gravel-bed rivers in the UK 
since the 19th century (Newton, 1971; Sear and Archer, 1998; Archer, 2003; Wishart et 
al., 2008). River gravels provide a source of aggregate for building, and commercial 
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extraction has taken place globally (Page and Heerdegen, 1985; Erskine et al., 1985).  
In Wooler Water, Northumberland, gravel extraction led to riverbed incision of 9 m 
and channel planform metamorphosis from a laterally active wandering gravel bed river 
to a single thread sinuous channel (Sear and Archer, 1998). However, the majority of 
planform changes that occur on reaches subject to gravel extraction coincide with high-
magnitude, infrequent flood events (Sear and Archer, 1998).  
 
Wishart et al., (2008) highlight the difficulty in identifying impacts of gravel extraction 
(1945-1960) on planform change from the analysis of historic maps and air photographs 
from 1844-1991 in the River Wear catchment, north-east England (Fig. 2.3). Figure 2.3 
shows channel planform is braided from 1844 – 1919. Active gravel bar areas become 
vegetated and the channel transitions to a single thread channel with vegetated bars 
between 1951 – 1991 (Fig. 2.3), (Wishart et al., 2008). The transformation from multi-
thread to single-thread channel coincides with the cessation of gravel mining but also a 
decline in flood magnitude across the catchment (Wishart et al., 2008). Therefore, there 
is an element of equifinality where channel planform adjustment could be a result of 
both changes in catchment scale climate dynamics or reach scale anthropogenic 
activity.  
 
Figure 2.3. Channel planform changes at Harperley Park (1844 – 1991), River Wear catchment 
north-east England. Source: Wishart et al., (2008), flow direction is north.   
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2.3.4  Land cover  
2.3.4.1  Vegetation  
Both riparian and catchment-wide vegetation cover influences surface runoff and 
sediment availability to rivers (Hickin, 1984; Thorne et al., 1997; Gurnell et al., 2009). 
Riparian vegetation influences bank strength, bank resistance to flow and therefore 
overall bank stability (Hickin, 1984; Millar, 2000; Jang and Shimizu, 2005; Gurnell, 
2014). Hey and Thorne (1986) found that UK river width at locations with densely 
vegetated channel banks were, on average, approximately 0.5 times narrower than that 
of weakly vegetated river banks. Millar and Quick (1993), found that well-developed 
bank vegetation increases bank stability, as a result these channels were narrower and 
deeper than un-vegetated channels, where erosion dominated. The presence of riparian 
vegetation therefore can influence the potential for bank erosion and sediment delivery 
to the river channel.  
 
Anthropogenic activity can influence vegetation cover (afforestation and deforestation) 
at the reach, catchment and regional scale (Gurnell et al., 2018). Widespread 
deforestation across UK uplands during Mesolithic and Neolithic periods has coincided 
with phases of enhanced valley floor sedimentation (Davies and Turner, 1979; Evans, 
1990; Macklin et al., 1991; Chiverrell, 2009; Hatfield and Maher, 2009a,b). Over the 
past 150 years the lack of forested upland headwater catchments has resulted in a 
decrease in rainfall interception and infiltration rates, therefore increasing surface runoff 
and sediment delivery to channels (Evans, 1990).  In the USC, widespread vegetation 
clearance in channel headwaters can destabilise sediment which can be mobilised during 
high rainfall events and transported through catchment systems and deposited in 
floodplain valley transfer zone (Macklin et al., 1991).  Marshall et al., (2013) 
demonstrate the impact of different vegetation covers on soil infiltration rates in upland 
Wales. On broadleaf tree covered plots surface runoff volumes were reduced by 78% 
and by 48% on un-grazed plots compared to grazed pasture plots (Marshall et al., 
2013). Five years after tree planting, near-surface soil bulk density was reduced and 
median sol infiltration rates were 67 times greater in plots planted with trees compared 
to grazed pasture (Marshall et al., 2013). Vegetation can therefore influence sediment 
supply to channels which in turn influences planform stability.  
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In-channel large wood and log jams can influence sediment continuity and therefore 
river planform (Gregory et al., 1985; Piégay and Gurnell, 1997; Gurnell and Sweet, 
1998; Sear et al., 2010; Polvi and Wohl, 2013; Picco et al., 2017). Large wood and log 
jams trap sediment, increase the channel flow resistance, resulting in accumulation of 
sediment and organic matter leading to changes in channel capacity (Jeffries et al., 
2003; Curran and Wohl, 2003). Changes in channel capacity caused by large wood and 
log jams can also lead to an increase in the frequency of overbank flooding (Gregory et 
al., 1985; Brown, 1997; Jeffries et al., 2003).  Wood is increasingly being used for in-
channel restoration or natural flood management projects to improve modified and 
degraded rivers (RRC, 2013; Grabowski et al., 2019). Therefore, in the future in-
channel wood has the potential to be an important reach scale control on planform 
adjustment (RRC, 2013; Grabowski et al., 2019). 
 
2.3.4.2  Agriculture  
Large scale forest clearance in the Mesolithic and Neolithic periods in the UK uplands 
made room for agricultural practices (Davies and Turner, 1979; Evans, 1990). Macklin 
et al., (2010) report an acceleration in floodplain sedimentation rates after c. 1000 BP 
linked to agricultural activities. Upland floodplains were modified by installing drainage 
ditches (open ditching, or piped under-drainage) or irrigation schemes to support 
agriculture (Newson, 1980b; Longfield and Macklin, 1999).  Drainage ditches can 
increase the supply of water and sediment through ditch erosion to channels therefore 
influencing sediment loads and flood risk (Newson, 1980b). In Wales, Newson (1980b) 
found that catchments with land drainage had higher sediment yields compared to 
catchments without drainage, similar patterns have also been observed by Owens et al., 
(2002) in Scotland. Drainage ditches therefore alter the natural sediment regime which 
can lead to enhanced in-channel sedimentation.  
 
Increases in river bank erosion have also been attributed to grazing in upland 
catchments (Evans, 1997; 1998; Orr and Carling, 2006; Lefrançois et al., 2007). It is 
estimated that 70 % of the total number of sheep in the UK graze in upland regions 
(Sansom, 1999). Grazing can reduce vegetation cover on riparian banks, leads to a thin 
impermeable layer in the soil A-horizon (Warren, 1986) and therefore reduces 
interception and evaporation (Sansom, 1999). Direct trampling of the river banks can 
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also lead to increases in bank erosion and a decrease in bank stability (Trimble and 
Mendel, 1995). Therefore, in catchments that are grazed and have little mature tree or 
vegetation cover it is expected that the river banks will be more susceptible to bank 
erosion and channel planform adjustment, particularly during extreme flood events. 
Few studies have investigated regional scale patterns of planform adjustment in 
relation to different land cover types.  
 
Table 2.3. Anthropogenic exogenic controls on hydrology, sediment continuity and planform 
adjustment (modified from Downs and Gregory, 2004).  
 
 
Exogenic control 
What changes might occur? 
Endogenic process change 
(Hydrology, H; sediment, S) 
Channel adjustment 
(*clearly evident) 
De-snagging and 
clearing 
S+ * 
Clearing of 
vegetation/trees 
S+ * 
Sediment removal 
(dredging/extraction) 
S+ * 
Sediment addition S+ * 
Afforestation S- * 
Restoration H- + S- + * 
Bank protection H+ S- * 
Embankments and 
levee construction 
H+  
Resectioning H+-S-  * 
Straightening H+ * 
Dam/ flow abstraction H- S-+ * 
Weirs H-S-+ * 
Bridge crossings H+ S- * 
Deforestation H+ S+ *locally 
Land/agricultural 
drainage 
H+ *locally 
Mining  H+ S+ *locally 
Grazing S+ *locally 
Urbanization H+ S- * 
 
Sections 2.3.1 - 2.3.4 have summarised the main exogenic controls influencing the 
discharge, stream power, sediment transport (endogenic processes) and planform 
adjustment. Table 2.3 summarises the main exogenic controls and their relative impact 
on planform adjustment. Understanding the relative importance of the exogenic 
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controls and the influence on planform adjustment and stability is a focus of this 
research (RQ2). 
 
2.3.5  Influence of exogenic controls on endogenic processes  
Upland river planform adjustment and stability reflects the complex combination of 
interactions and feedbacks between exogenic forcing mechanisms and endogenic 
processes spatially and temporally (Fig. 1.2, Chapter 1). Climate is a primary 
catchment wide driver of discharge and therefore the potential for in-channel erosion, 
sediment transport and geomorphic change (Fig. 1.2, Chapter 1). The exogenic controls 
geology, topography, vegetation, anthropogenic activity and land cover regulate 
endogenic processes and the planform response to changes in climate (Newson, 1980a; 
Rumsby and Macklin, 1994). For example, low magnitude high frequency flood events 
can initiate planform adjustment (Leopold and Maddock, 1953), however the type of 
adjustment is influenced by the availability and coupling of sediment sources (Harvey, 
1991), degree of topographic confinement governed by the geology, or anthropogenic 
activity and land cover. Consequently, sediment can move as exogenous (e.g. input of 
sediment from mining activities) or endogenic slugs (e.g. feedback between sediment 
supplied from the riverbed and banks) (Wathen and Hoey, 1998; Knighton, 1989) 
through upland systems resulting in planform adjustments (Macklin, 1986a). As a 
result, it can be difficult to discriminate a singular control of river planform adjustment 
or stability (Joyce et al., 2020). The following section (2.3.5.1) discusses endogenic 
responses to flood events through the USC and how they can be regulated by exogenic 
controls (e.g. anthropogenic activity, land cover). 
 
2.3.5.1  Endogenic response to flood events in upland rivers 
The temporal pattern of river planform adjustments in many upland catchments has 
been linked to the incidence and severity of major floods, which is governed by climate 
(Wolman and Miller, 1960; Anderson and Calver, 1980; Milne, 1982; McEwen, 1989; 
Rumsby and Macklin, 1994; McEwen, 1994; Werritty and Hoey, 2004).  The 
geomorphic impacts of high magnitude, low frequency flood events can vary through 
the upland sediment cascade (Carling, 1986a, Harvey, 1986a, McEwen and Werritty, 
1988; Milan, 2012; Joyce et al., 2018; Milan and Schwendel, 2019).  In first and second 
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order headwater channels, lateral channel planform adjustments are restricted due to 
topographic confinement. Instead, these channels can undergo bed incision and large 
boulders are transported during flood-rich periods (Carling, 1986; Johnson and 
Warburton, 2002).  
 
In the transfer zones of the USC channels become laterally unconfined, and channels 
can laterally migrate and interact with the surrounding floodplains (Harvey, 1991; 
Werritty and McEwen, 1988; Joyce et al., 2018).  Werritty and McEwen (1988) 
document the geomorphic impact of the August 1978 flood (1 in 50 year return period 
flood) on the upland river Allt Mor, Scotland. The Allt Mor, displays a mountain 
torrent form in its upper reaches, here, no or little evidence of flood impacts were 
observed as channel boulders were too large to be entrained (Werritty and McEwen, 
1988). In contrast, downstream, where the channel becomes laterally unconfined in the 
floodplain valley transfer zone, shallow transitional landslides delivered sediment to the 
channel and bar re-organisation and lateral expansion occurred (McEwen and Werritty, 
1988).  
 
Similarly, in the floodplain valley transfer zone at Hoaroak Water (Exmoor, south-west 
England) the August 1952 flood (recurrence interval of over 150 years) caused 
widespread sediment deposition, filling in old channels causing channel avulsion, 
creating a new channel path (Anderson and Calver, 1977; Anderson and Calver, 1980). 
Since the flood event, the channel planform has remained relatively stable with little 
adjustment (Anderson and Calver, 1980; Werritty and Ferguson, 1980).  In the north 
Pennines, Carling (1986) similarly identifies planform adjustment (avulsion, sediment 
deposition) in response to Noon Hill flash floods on valley floor sections. Therefore, the 
response to flood events is regulated by the availability of sediment and topographic 
confinement determined by the geology and glacial history.  
 
However, not all channels display dramatic planform adjustment in response to flood 
events. For example, Winterbottom (2000) measured planform adjustments on reaches 
of the River Tay and Tummel, Scotland over last >25 and <250 years and show that 
channel planform adjustments are not reflected in the frequency and magnitude of flood 
events or discharge records, because of anthropogenic modifications (flow regulation 
     Chapter 2 
39 
 
and embankment construction) restricting planform adjustment.  Wolman and Miller 
(1960) state that flood events can be physically geomorphically effective over short 
timescales, but low magnitude events may contribute to planform adjustments over 
longer timescales. Therefore, to understand the influence of climate, flood frequency 
and magnitude it is important that planform adjustments are viewed in the context of 
the period of measurable change and the collective exogenic controls are considered 
(Schumm and Lichty, 1965; Lane and Richards, 1998).   
 
The identification of planform adjustment forcing mechanisms can be difficult as 
different endogenic or exogenic processes can cause the same planform adjustment 
response, a case of equifinality (Wishart et al., 2008).  Previous studies have commonly 
focused on the influence of single endogenic or exogenic drivers of planform adjustment 
(Downs and Piégay, 2019) and not considered the multiple controls spatially across the 
USC. To understand the spatial patterns of planform adjustments it is therefore 
important to characterise the collective endogenic and exogenic controls operating at 
the catchment and reach scale and link them to historic planform adjustments (Joyce 
et al., 2020). In addition, planform adjustments may be immediate, lagged, progressive 
or permanent over a number of years after a flood event (Schumm and Lichty, 1965; 
Chappell, 1983; Dufour and Piégay, 2009; Piégay et al., 2020).  Understanding the role 
of flood events on planform adjustment is important for understanding endogenic 
processes. This rationale constitutes the focus of research question 3 of this thesis:  
What is the influence of low frequency, high magnitude flood events on river planform 
at the reach, catchment and multiple catchment scale over the last 150 years? 
 
2.4  Catchment and reach scale analysis of river planform adjustment and 
stability  
Planform adjustment studies have commonly been focused at the reach scale (Schumm, 
1969; Blacknell, 1981; Milne, 1982, 1983a,b; Lewin et al., 1977a; Lewin et al., 1977b; 
Lewin, 1977; Lewin and Hughes, 1976; Hooke and Yorke, 2010; Wishart et al., 2008; 
Warburton et al., 2002); many of these studies explore 3D patterns of adjustment the 
downstream response of a system to a perturbation such as flooding, or anthropogenic 
impact over time. Local, reach scale channel adjustments cannot be fully understood 
Chapter 2 
40 
 
outside of the specific spatiotemporal context or related to other systems (Phillips, 
2007). 
 
Fluvial sediment budgets, quantify the erosion, deposition and transfer of sediment 
through a channel or reach over an event or time period (Rapp, 1960; Neill, 1987; 
Martin and Church, 1995; Reid and Dunne, 1996; Ashmore and Church 1998; Brewer 
and Passmore, 2002; Fuller et al., 2003; Joyce et al., 2018). The sediment budget 
approach assumes conservation of mass through a river reach and can be used to 
characterise 3D channel adjustments over time (Neill, 1987; Slaymaker, 2003). 
However, sediment budget approaches require detailed morphological data and hence 
are usually limited to small spatial (reach) scales (Neill, 1987; Reid and Dunne, 1996). 
More recently, volumetric changes in river channel planform have been much more 
readily identified using high resolution digital elevation models (DEMS) to construct 
DEMS of difference (Milan et al., 2007; Wheaton et al., 2010; James et al., 2012). 
DEMS of difference can be produced by subtracting one elevation model from another 
to identify erosion and deposition within a channel (Wheaton et al., 2010; James et al., 
2012). The period over which volumetric changes in erosion and deposition is mapped is 
dependent on the temporal availability of the DEMS (e.g. last 20 years). DEMS of 
difference provide a detailed quantification of volumetric adjustments however, are 
limited by the time period of available data, the frequency of data capture, resolution 
of the data and spatial coverage, which is often focused on high order channels omitting 
headwater streams (Lane et al., 2003; James et al., 2012; Wheaton et al., 2013). 
 
Graf (1984) proposed a 2D probabilistic approach to assess spatial patterns of river 
erosion; where the probability of erosion is directly proportional to the size of annual 
floods and inversely proportional to the distance upstream and distance laterally to the 
channel. Historic maps of river planform are converted to a series of cells, with each cell 
representing a ‘channel’ or ‘non-channel’ element, the change from channel to non-
channel between two dates indicates erosion (Graf, 1984). The approach enables 
probability of 2D lateral erosion and avulsion to be identified on a reach using historic 
maps. It assumes that flood events are the main driver of river planform adjustment 
and it cannot differentiate the role of other multiple interacting endogenic and exogenic 
variables (e.g. land cover, anthropogenic activity) influencing sediment continuity and 
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channel planform change. Deposition associated with erosion and channel migration is 
not explicitly captured in this method; and the accuracy of the estimated spatial 
probability model requires multiple epochs of channel planform mapping to define 
meaningful behaviour patterns. 
 
It is therefore necessary that methodologies place reach scale temporal studies in the 
perspective of the wider catchment and regional context (considering multiple 
endogenic and exogenic controls), this will enable a synoptic understanding of the type 
of adjustment, whether adjustments are typical or anomalous and will allow 
comparisons between catchments.  A wider spatial (catchment and, regional, multiple 
catchment and temporal assessment of river planform adjustments can be achieved by 
using historic maps and more recent air photographs taking a 2D approach. This 
rationale constitutes the focus of research question 1: How do river planform 
adjustments vary spatially across multiple catchments in a region over the last 150 
years? 
 
Macklin et al., (1998) state small-scale and short-term studies of river adjustments may 
be misleading as rivers need to be understood in terms of wider catchment and regional 
context. Macklin et al. (1998) digitise channel banks and gravel bar changes along an 
85 km length main river in the Tyne catchment, UK from maps (1850) and aerial 
photographs (c. 1975). The Tyne study shows the timing of river instability is primarily 
related to climate controlled changes in flood frequency and anthropogenic 
modifications, with unstable reach locations determined by valley floor morphology. 
Hooke and Redmond (1989a) similarly showed that spatial scale was important and 
surveyed old OS maps between 1870 – 1950s for main upland rivers in England and 
found 35 % show some pattern of instability. Brewer et al., (2000) compare changes in 
digitised river planform and gravel bar area for 8 main trunk rivers in Wales from 1940 
– 1990 to look at how changes vary over different scales. These examples are useful in 
documenting channel adjustments at larger spatial scales, however the studies are 
concentrated in the transfer zone on higher stream order channels and therefore omit 
low order channels from the USC headwaters. Furthermore, they do not address the 
significance of channel adjustment in relation to the wider multiple exogenic forcing 
mechanisms.  
Chapter 2 
42 
 
Fluvial audits provide a useful field and desk-based (review of historic maps) 
framework for categorising sediment source, transfer and depositional zones and have 
been applied widely across the UK on high order channels (Sear et al., 1995; 
Environment Agency, 2005).  However, the approach involves detailed field 
reconnaissance, performed by experienced geomorphologists and therefore can be time 
consuming and difficult to apply beyond the reach scale. The approach also focuses on 
high order channels and does not capture the types of river changes in headwater areas 
and at the multiple catchment (regional) scales (Wallerstein et al., 2006).  
 
More recently, Wishart (2004) presents a reach and catchment scale assessment of the 
temporal patterns of channel adjustment in upland rivers in the River Wear and River 
Tees catchment, UK. The results show that differences in planform adjustment 
patterns reflect the importance of specific catchment controls (e.g. bedrock) and reach 
controls (e.g. anthropogenic activity), (Wishart, 2004). Anthropogenic activity is a 
significant control over decadal time scales, whereas the frequency of flood events 
determines channel planform over centennial timescales (Wishart, 2004).  Lisenby and 
Fryirs (2016) similarly explore channel changes at large spatial scales across trunk 
channels in 3 tributary basins of the Lockyer Creek catchment, Australia, and link the 
type of channel adjustments to catchment area, width:depth ratio and channel slope. 
They find that adjustments occur where catchment areas are between 10% - 60% of the 
total drainage area, with width:depth ratio and stream power influencing channel type 
(Lisenby and Fryirs, 2016). These studies highlight the added value of spatial and 
temporal assessments of channel planform adjustments that can be used to understand 
reach and catchment scale controls on sediment continuity.  
 
However, existing planform adjustment studies focus on high order main channels, 
omitting smaller low order channels that can be a major source of sediment (Wishart, 
2004; Lisenby and Fryirs, 2016). In addition, the methods developed are locational 
specific, for example, Lisenby and Fryirs (2016) extract geomorphic characteristics at 
points positioned along the river channel network spaced with an arbitrarily defined 
distance. This means the methodology cannot easily be transferred or applied to other 
settings or to the entire channel network where river lengths differ and results cannot 
easily be compared. Previous studies often focus on singular or a specific set of exogenic 
     Chapter 2 
43 
 
controls based on field or remote sensing data (Lisenby and Fryirs, 2016). Remotely 
sensed datasets now allow the collective exogenic controls discussed in Section 2.3 to be 
quantified at the catchment and regional scale (e.g. land cover, river management, 
geology, topography), (Gilvear and Bryant, 2016; Piégay et al., 2020). Consequently, 
there is a current lack of standardised method that quantifies channel planform 
adjustment and exogenic and endogenic controls over large spatial and temporal scales 
(Hooke, 1980; Lawler, 1993; Peixoto et al., 2009; Rowland et al., 2016). This lack of 
methodological consistency restricts comparisons between catchments in similar 
regional settings (Rowland et al., 2016).  
 
2.5  Chapter Conclusions 
The aim of this research is to quantify the spatial and temporal patterns and 
geomorphic characteristics of upland river planform adjustments over the past 150 
years. This Chapter has presented an overview of the current understanding of the 
controls of planform adjustment and stability and discussed existing research at the 
reach and catchment scale. However, gaps in knowledge remain, to date: 
1) The fluvial system is commonly categorised into distinct zones of sediment 
erosion, transfer and deposition: the ‘simple sediment cascade’ (Schumm, 
1977). However, in upland regions, the sediment cascade is more complex, 
with sediment episodically sourced, transferred and deposited over different 
timescales. This behaviour has rarely been quantified in all zones of the USC 
over the last 150 years.  
2) Upland regions are commonly defined as ‘geomorphically active’ (Hooke and 
Redmond, 1989a; Wishart, 2004); however, few studies have quantified 
planform activity at the catchment or regional scale over the last 150 years 
in upland regions.  
3) River adjustment studies primarily focus on 3D approaches (e.g. DEMS of 
differencing, sediment budgets, fluvial audits) at small spatial (e.g. reach) or 
short temporal scales (e.g. event). Upscaling 3D approaches to the 
headwater channels at the catchment or across multiple catchments is 
resource and time intensive. 2D historic map and air photograph 
comparisons provide the opportunity to explore sediment continuity from 
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source to sink at wider spatial (multiple catchments) and longer temporal 
scales, however this has rarely been assessed in detail. 
4) There is a lack of standardised methodology that quantifies channel 
planform adjustment and the collective exogenic and endogenic controls 
from channel headwaters to lowland sinks over the last 150 years in upland 
regions. Previous studies focus on planform adjustments in response to 
singular exogenic controls (e.g. flood events, or anthropogenic activity).  
5) The influence of low frequency, high magnitude flood events on river 
planform at the reach, catchment and multiple catchment scale over the 
historical observational period (last 150 years) needs further investigation to 
identify if it is the dominant driver of planform adjustment in upland 
regions.  
 
Hence, the spatial and temporal pattern of planform adjustments at the reach, 
catchment and regional scale and links to multiple exogenic and endogenic controls 
remains to be fully evaluated.  This thesis: 
1) Presents a reach (Chapter 4), catchment (Chapter 5), and multiple catchment 
(regional), (Chapter 6) assessment of the patterns of planform adjustment and 
stability over the past 150 years. 
2) Develops and applies a systematic methodology to quantify the spatial patterns 
of 2D planform adjustment (Chapter 5 and 6) and the geomorphic controls. The 
methodology developed is based on analysis of remotely sensed datasets so that 
it can easily be applied to other upland settings.  
3) Investigates the influence of flood rich periods on the occurrence of planform 
adjustment and stability at the reach, catchment and regional scale (Chapter 4, 
5 and 6) to assess if flood events are the dominant driver of sediment continuity 
and planform adjustment over the period measurable change through the USC.  
 
The upland sediment cascade is presented as an important framework for 
understanding sediment continuity and potential for river planform adjustments in 
upland regions. Therefore, the results, Chapters 4, 5 and 6 are framed within this 
context. Chapter 3 presents the upland study site in which this research will be focused 
on.  
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Chapter 3 
 
 
Characteristics of the Lake District upland 
study site 
 
 
3.1  Chapter summary 
This chapter describes the characteristics: regional geology, topography, glacial legacy, 
prevailing climate and anthropogenic activity in the Lake District upland region, north-
west England. The Lake District is chosen as a suitable case study to investigate the 
complexities and controls of historic upland channel planform adjustment and stability 
outlined in Chapter 1 and 2 because:  
1) there is an active fluvial system where planform adjustments occur frequently 
and present ongoing management challenges;  
2) the region is large enough to characterise the variability in channel stream order; 
and assess planform adjustment and stability at the reach, catchment and 
multiple catchment scale, and; 
3) the region has available topographic, historic maps and air photographs and flow 
data that can be used to identify historic patterns of adjustment and endogenic 
and exogenic forcing. 
 
The chapter concludes by outlining the reach, catchment and multiple catchments used 
in this thesis, which constitute the focus of Chapters 4, 5 and 6.   
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3.2  The Lake District upland region 
The Lake District upland region (Fig. 3.1), covers an area of 2300 km2. The region has a 
dome like topography with the highest mountain summits in England (Scafell Pike 
(978 m), Scafell (964 m), Helvellyn (950 m) and Skiddaw (931 m)), which are separated 
by a radial pattern of lower elevation valleys, many containing lakes (Fig. 3.1). Lake 
Windermere has the largest area (14.76 km2) and the deepest lake is Wast Water 
(maximum depth 76 m) (Fryer, 1991).  The region is within England’s largest National 
Park, an area popular for tourism and recreation, which was named as a UNESCO World 
Heritage Site in 2017.  The geomorphology of the Lake District is strongly influenced by 
the regional geology, glacial legacy, prevailing climate and anthropogenic activity which 
influences the spatial and temporal pattern of river planform adjustment and stability.   
 
Figure 3.1. (A) The Lake District upland region located north-west England, and (B) elevation 
range, mountain summits and Lake District National Park boundary. 
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3.3  Regional geology  
The geology of the Lake District originates from volcanic activity of the Ordovician and 
Devonian periods over 500 Ma (Figs. 3.2, 3.3) (Stone et al., 2010; Wilson, 2010). Three 
major bedrock zones exist across the region and include: the Skiddaw Group, the 
Borrowdale Volcanic Group and the Windermere Supergroup (Fig. 3.4), which determine 
surface erosional processes and landscape evolution (Smith, 2019).  
 
The Skiddaw group lies in the north of the Lake District and covers an area of c. 500 km2 
with smaller inliers in the southern and eastern Lake District (Stone et al., 1999). The 
Skiddaw Group is the oldest group of rocks in the region formed during the Cambrian 
(Fortey et al., 1993) and Ordovician periods (444 – 488 Ma) (Fig. 3.3) (Stone et al., 
1999). The Skiddaw group is a c. 5 km thick sequence of deep water marine turbidites 
that have been deformed and metamorphosed into Skiddaw slates, mudstones, siltstones 
and sandstones (Cooper et al., 1995; Evans and McDougall, 2015). The rocks are prone 
to fracturing into small slaty segments and mountains in this area have smooth slopes 
(Smith, 2019).  
 
The Borrowdale Volcanic Group occupies an area of c. 800 km2 across the central belt of 
the Lake District (Fig. 3.2). This group is characterised by lava piles (andesites), 
pyroclastic rocks, tuffs and agglomerates that were created by the collapse of a volcanic 
island arc and development of complex calderas in the late Ordovician period (Stone et 
al., 2010; Evans and McDougall, 2015). The Borrowdale Volcanic Group underlie the 
highest parts of the central Lake District and include the mountain summits of Scafell 
Pike, Scafell, Helvellyn, Old Man of Coniston and the Langdale Pikes. The Borrowdale 
Volcanic sequence is stratigraphically complex due to different patterns of volcanism 
(Stone et al., 2010), and can be divided into ‘lower’ and ‘upper’ parts based on contrasting 
eruptive phases (Fig. 3.2).  An early eruptive phase is associated with andesite lavas 
(Eycott Volcanic Group) and a later silicic phase is associated with explosive activity 
and eruptions of pyroclastic density currents resulting in caldera formation (Moseley, 
1978; Stone et al., 2010), (Fig. 3.2). Therefore, the upper part of the Borrowdale Volcanic 
Group comprises of large volume acidic ignimbrites and tuffs with extensive 
accumulations of volcanoclastic sedimentary rocks c. 3.2 km thick (Petterson et al., 1992). 
The lower part, c. 2.7 km thick, is composed of andesite lava flows with basalts, dacites 
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and subordinate intercalations of colonic material (Petterson et al., 1992). As a result, 
these rocks create a resistant rugged terrain with widespread cliffed and stepped bedrock 
outcrops (Smith, 2019; Evans and McDougall, 2015).  
 
 
Figure 3.2. Generalised geology map of the Lake District showing the main bedrock geology groups 
(modified from Wilson, 2010).  
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Figure 3.3. Geological succession for northern England from Stone et al., (2010), vertically hatched 
areas and stars show the main episodes of magmatism. 
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The Windermere Supergroup outcrop covers an area c. 1000 km2 in the southern Lake 
District and comprises late Ordovician and Silurian age marine deposits of limestones, 
mudstones, siltstones, gritstones and sandstones modified by low grade metamorphism 
(Millward et al., 2000; Evans and McDougall, 2015). The Late Ordovician succession 
forms the Dent group inliers. Silurian succession forms the Stockdale, Tranearth, 
Coniston and Kendal groups. The Windermere Supergroup is c. 1.5 - 2 km thick (Stone 
et al., 2010). The different resistance of the limestones, sandstones and gritstones give 
rise to a scarp and vale topography in the Windermere Supergroup region (Smith, 2019). 
 
 
 
Figure 3.4. Geological cross section from North to South through the Lake District upland region 
showing the up doming through the central Lake District, and generalised pattern of radial 
drainage (source: Monkhouse, 1960).  
 
The three bedrock zones have been modified by igneous activity. On the western side of 
the Lake District Ordovician and lower Devonian granitic intrusions have emplaced the 
Skiddaw and Borrowdale Volcanic groups (Fig. 3.2) (Evans and McDougall, 2015). 
Examples of these granitic intrusions include the Wasdale batholith, and the Eskadale 
Granite Pluton. Concealed intrusions underlay areas of the Borrowdale Volcanic group 
and parts of the Skiddaw group, intrusions include the Dunmail and Rydal Ordovician 
N S 
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felsic intrusions. The Carrock Fell uplifted centre represents Ordovician mafic intrusion 
into the Skiddaw Group (Fig. 3.4) (Stephenson et al., 2000). Anticlines and synclines are 
east-west trending (Fig. 3.2) and are disrupted by south-west to north-east trending 
faults (Boardman, 1988).  
 
The geological history influences the drainage pattern of the Lake District. Wordsworth 
(1835) described the drainage pattern of the Lake District as “diverging…like spokes from 
the nave of a wheel” where river channels radiate from high relief areas around Great 
Gable and Scafell downwards (Fig. 3.4).  Mill (1895) similarly described the drainage 
pattern radially, as a series of concentric circles from a midway point between Stake Pass 
and Dunmail Raise on the western slope of High Raise (762 m NGR NY 283 096) (Fig. 
3.5). The circle of 10 km radius is the commencement of the lake radiating system, 
touching the north of Windermere and the south end of Derwent water (Fig. 3.5). A 
radius of 15 km characterises central Lake District, passing through some of the deepest 
parts of Windermere of Ullswater and the northern end of Derwent water (Fig. 3.5). A 
20 km radius passes through the lower end of Coniston Water, Windermere, the middle 
of Haweswater and lower end of Ullswater, the upper end of Bassenthwaite and middle 
of Ennerdale (Fig. 3.5).  In contrast, Marr (1916) described the drainage system like that 
of an up-turned caddy spoon (Fig. 3.6), where rivers drain radially the inverted ‘bowl’ of 
the spoon (near Scafell Pike) and the drainage pattern from the handle would be oblique 
(west-east aligned of the Helvellyn range).  
 
However, the simple interpretation of the radial drainage pattern is complicated by local 
structural controls (Boardman, 1988; Wilson, 2010), (Fig. 3.2). For example, the Coniston 
fault creates the valleys from north of Coniston water, Dunmail Raise, Thirlmere and St 
John’s in the Vale to Threlkeld (Boardman, 1988; Wilson, 2010), (Fig. 3.2). The drainage 
pattern has further evolved due to quaternary glaciation (Wilson, 2010; Evans and 
McDougall, 2015).  
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Figure 3.5. Radial symmetry of the Lake District after Mill (1895) shown by concentric circles 
(km).  
 
 
 
 
 
 
 
 
 
Figure 3.6. Conceptual diagram of the Lake District drainage pattern (blue arrows indicate flow 
direction) after Marr’s (1916) upturned “caddy spoon”.  
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3.4  Quaternary glaciation  
The topography and drainage pattern of the Lake District has further evolved and been 
modified during Quaternary glaciations, creating U-shaped valleys and over-depended 
glacial troughs (Wilson, 2010; Evans and McDougall, 2015), of which many are now lakes 
(Table 3.1). Lakes are an important feature in the upland sediment cascade acting as 
long term sediment sinks capturing the upstream sediment supply, therefore influencing 
sediment continuity (Rapp, 1960; Dietrich and Dunne, 1978). Table 3.1 documents the 
largest lakes in the Lake District upland region, it is important to understand the location 
of these lakes as they are likely to influence the transfer of bedload sediment, and 
therefore planform adjustment patterns.  
 
Table 3.1. Area, mean depth and maximum depth of the largest lakes in the Lake District upland 
region after Fryer (1991). Catchment area (km2) represents contributing area upstream of the lake 
outlet. 
    * indicates lakes with water abstraction and downstream flow regulation 
 
The Dimlington Stadial (115,000 – 11,700 yr BP) ice sheet of the Late Devensian covered 
the Lake District upland region, with ice sheet flow paths following the radial drainage 
pattern (Wilson, 2010), (Fig. 3.7). Deglaciation following the peak of the Dimlington 
 
Lake 
Area (km2) Mean Depth (m) Max Depth (m) 
Lake  Catchment   
Windermere 14.8 240 21.3 64 
Ullswater 8.9 147 25.3 62.5 
Derwentwater 5.4 80 5.5 22 
Bassenthwaite Lake 5.1 360 5.3 19 
Coniston Water 4.9 63 24.1 56.1 
Haweswater* 3.9 32.5 23.4 57 
Thirlmere* 3.3 53.4 16.1 46 
Ennerdale Water* 3 44 17.8 42 
Wast Water* 2.9 45 39.7 76 
Crummock Water* 2.5 62.5 26.7 43.9 
Esthwaite Water 1 16.6 6.4 15.5 
Buttermere 0.94 16.8 16.6 28.6 
Grasmere 0.64 28.6 7.7 21.5 
Loweswater 0.64 7.8 8.4 16 
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Stadial at c. 22 ka BP (Boulton et al., 1977) resulted in widespread deposition of 
glaciofluvial sediment (sand and gravels) which formed kames, eskers, proglacial sandur, 
deltaic sands and gravels which determine the floodplains, sediment calibre and source 
in the rivers network (Busby and Merritt, 1999; Brown, 2009).  
 
A second ‘land-glaciation’ (Ward, 1873; 1875) affected the higher valleys in the Lake 
District (e.g. around Scafell) during the Loch Lomond Stadial c. 12.9 and 11.7 ka BP 
where there was a renewed cooling that was associated with the regrowth of smaller 
glaciers around Scafell Pike, Helvellyn, contributing to further enhanced erosion of the 
drainage network and reworking of glacial sediments (Marr, 1916; Sissons, 1980; 
Bickerdike et al., 2016). These glacial sediments create the sediment supply for the rivers. 
The Lake District geological and glacial legacy has therefore influenced the topography 
drainage pattern, sediment calibre and supply to river channels. This legacy influences 
the present-day patterns of sediment continuity and planform adjustment (Wilson, 2010).  
 
 
Figure 3.7. Generalised radial ice flow directions during the Dimilingtion Stadial across the UK 
(source: Taylor et al., 1971).  
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3.5  Landscape evolution during the Holocene  
The geological and glacial legacies set the topographic conditions (i.e. confinement, U-
shaped valleys, valley size) and the calibre and supply of sediment to rivers within which 
river systems operate during the Holocene (Macklin, 1999). Following glaciation Lake 
District rivers underwent progressive valley-floor incision in response to a decline in 
sediment supply (due to the melting of glaciers), and glacio-isostatic uplift (Macklin, 
1999). The coarse sediments that were supplied to the rivers during glaciation are stored 
in the channel bed, banks and on floodplains and are only intermittently transported and 
reworked in rivers during high flow events and therefore remain stored within the system 
(McEwen and Werritty, 1988). The present day superficial geology of the Lake District 
reflects the glacial legacy and consists of: 63 % glacial deposits, 10 % fluvial deposits, 
10 % organic deposits, 7 % mass movements, 2 % glaciofluvial deposits, 3 % marine and 
coastal deposits (British Geological Survey, 2016), (Fig. 3.8). The superficial geologies 
are not evenly distributed across the Lake District National Park (Fig. 3.8) and therefore 
the impact of superficial geology on river planform adjustment and stability will be 
spatially variable. 
 
During the early Holocene, as temperatures rose following the Loch Lomond Glaciation, 
woodlands colonised much of the Lake District region up to an altitude of c. 550 m 
(Pennington, 1964; Pennington, 1965). Changes to the land use and subsequently forest 
cover over the Holocene have caused changes in sediment supply and transfer through 
the upland sediment cascade from hillslopes to rivers and then into long term lake sinks 
(Mackereth, 1966; Pennington, 1991; Edwards and Whittington, 2001; Chiverrell, 2006). 
Sediment cores from lakes have been used to document landscape instability in response 
to changes in climate change and anthropogenic activity during the Holocene (Mackereth, 
1971; Chiverrell, 2006; Chiverrell et al., 2019). There has been an increase in 
sedimentation during the Holocene observed in multiple lakes across the Lake District 
upland region (Table 3.2), this corresponds to a decrease in forest cover identified in 
pollen records (Hatfield and Maher, 2009b), (Fig. 3.9). Hence, increases in sedimentation 
rates correspond with major forest clearances and changes in anthropogenic activity 
during Neolithic, Iron Age and Romano-British, and medieval times (Edwards and 
Whittington, 2001; Chiverrell, 2006; LDNPA, 2017; (Table 3.3)). Following the 
establishment of the Forestry Commission c. 1919 several Lakeland valleys were 
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reforested (e.g. Ennerdale, Thirlmere); however, these catchments are carefully managed 
to prevent wood from entering low order tributaries. Therefore, due to historic forest 
clearance and management of several reforested catchments in the Lake District uplands, 
the occurrence of large wood or log jams in upland rivers is unlikely, and therefore will 
not be a dominant driver of reach scale planform adjustment over the period of measured 
change. Table 3.3 documents changes in land use practices over the Holocene in the Lake 
District (LDNPA, 2017). It is important to understand that in the study region there has 
been a long-term legacy of anthropogenic activity which has potential to influence historic 
river sediment supply and planform stability. Whilst many of the anthropogenic activities 
documented in Table 3.3 may have now ceased, it is possible that channels may still be 
responding to the changes in flow regime or sediment supply over the era of measurable 
change (Wohl, 2015).  
 
Figure. 3.8. Superficial geology in the Lake District National Park. White areas indicate bedrock 
outcrops, other superficial geologies include: aeolian, lacustrine, marine and coastal deposits and 
residual deposits (Source: British Geological Survey, 2016). 
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However, the pattern of Holocene sedimentation is not consistent across the entire Lake 
District upland region and there is local variability in sedimentation rates recorded in 
lake sediment cores due to differences in catchment characteristics and spatial variability 
in anthropogenic activity (Table 3.2). For example, larger lakes (e.g. Windermere, Table 
3.2) are often buffered by smaller lakes higher within the catchment (e.g. Grasmere and 
Rydal Water) that retain a considerable proportion of the sediment flux, therefore 
accumulation rates are not as rapid (Chiverrell, 2006). Early Holocene populations may 
have exploited lake edges and lowland areas with well drained soils (Chiverrell, 2006) for 
agriculture contributing to elevated levels of sedimentation. Changes in land use in the 
late Holocene and the introduction of hill farming may have had a more widespread 
impact (e.g. increase in peat and soil erosion) on sediment supply to upland rivers 
(Chiverrell, 2006). Therefore, river planform adjustments over the last c. 150 years may 
reflect the impact of past anthropogenic activities on the supply of sediment to rivers. 
 
Table 3.2. Sediment accumulation rates, in mm year-1 during the Holocene in Lake District lakes 
(source: Chiverrell, 2006). Chronology information derived from Mackereth (1971), Turner and 
Thompson (1981), Pennington (1964; 1981; 1991) and Harkness et al. (1997).  
 
 
Early 
Holocene 
Mid - late 
Holocene 
Late Holocene 
Lakes 
5000-9000 
years BP 
0-5000 
years 
0-2500 
years 
0-1000 
years 
Windermere 0.2 0.5 0.6 0.6 
Coniston Water 0.1 0.6 1.2 1.3 
Ennerdale 0.6 0.7 0.6 1 
Crummock Water 0.4 0.5 0.6 0.6 
Ullswater 0.3 0.6 0.7 0.7 
Esthwaite 0.2 0.7 0.8 1 
Burnmoor Tarn 0.4 0.6 - 0.7 
Red Tarn 
(Langdale) 
0.6 0.3 - 0.9 
Seathwaite Tarn 0.8 0.8 0.9 1.2 
Brotherswater - - 2 2 
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Figure 3.9. Percentage pollen diagram for selected taxa in Bassenthwaite Lake cores over the last 
6000 years BP (source: Hatfield and Maher, 2009b).  
 
Table 3.3. History of Holocene land use change in the Lake District upland region (modified from: 
LDNPA (2017)).  
 
Time Period Land use / cover 
Palaeolithic 
c. 12,000 BC 
c. 8,000 BC 
• Small groups of hunter/gatherers.  
Mesolithic  
c. 8,000 BC 
– 4,000 BC 
• Larger groups of hunter/ gatherers concentrated on coast.  
• Most of Lake District covered by forest by 4,000 BC. Max extent of forest 
c. 5,000 BC.  
• Microlithic flint industry (very small flints used to make composite tools). 
Neolithic  
4,000 BC –  
2,000 BC 
• First evidence for agriculture but settlement still mobile, and hunting and 
gathering still important for subsistence.  
• Small temporary clearances in woodland.  
Bronze Age 
2,000 BC – 
800 BC 
• Warmer climate allowed settlement on higher ground up to c. 300 m.  
• Small, temporary clearances in forest cover in early Bronze Age and more 
permanent clearance by Late Bronze Age.  
• Introduction of copper and then bronze technology. Flint still in use. 
Iron Age  
800 BC –  
100 AD 
• Landscape now more open and probably highly organised, including 
woodland management; agricultural settlements in valleys and lower fells.  
• Introduction of iron technology. 
sediment particle size (Figure 4), for example, could arise from
changes in energy in the system (see synchronicity evident in
Figures 4 and 6c), and/or in supply of sediment either from the
catchment or from within-lake redistribution processes. Magnetic
susceptibility has been used as a proxy for sediment accumulation
rate (cm/yr) and sedimentation rate (g/cm2 per yr) (c.f. Dearing,
1999), reflecting inputs of catchment-derived terrigenous material
(eg, Thompson et al., 1975; Zolitschka, 1998; Ficken et al., 2002).
For Bassenthwaite, Hatfield et al. (2008) showed good correlation
between magnetic susceptibility and bulk sedimentation rate, both
in their suite of cores and the core of Bennion et al. (2000).
Similarities are also evident between sediment accumulation rate
and magnetic usceptibility for the core composite in Figure 5a,
reflecting increased fluxes of catchment-derived sediment to the
lake. In addition, Hatfield and Maher (2008) showed that concen-
tration-independent magnetic parameters reflect mineralogical
434 The Holocene 19,3 (2009)
Figure 6 (a) Magnetic susceptibility as a measure of terrestrial inorganic sediment flux, with the dominant source of sediment identified from the
fuzzy clustering solution. Black lines represent a dominant Newlands source and grey lines a dominant Newlands source, respectively. (b)
Chironomid-inferred temperature reconstruction from Talkin Tarn, Cumbria (Langdon et al., 2004); and (c) Rainfall proxy, taken from peat humi-
fication values from Talla Moss, Southern Scotland (Chambers et al., 1997)
Figure 7 Percentage pollen diagram for selected taxa in BASS 5 and BASS 8 (bars). Also shown are the percentage groupings of arboreal pollen,
herbs and grasses, and ferns and bracken (black fill)
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Table 3.3. continued. 
 
 
 
Romano 
British  
100 AD –  
400 
• Roman Forts established by c. 150 AD. 
• Road system established.  
• Mining of metal ores  
Early 
Medieval  
400 – 1092 
• Major woodland clearance episodes  
• Arable / pasture farming  
Medieval  
1092 – 1600 
• The Lake District was divided up by Norman aristocracy (1092). Large 
tracts of land later given to monasteries 
• Development of wool trade and iron industry. 
• Open field system with strip fields in valleys, enclosed by wall known as 
‘Ring Garth’.  
• More nucleation of village settlement and development of market towns 
(e.g. Kendal, Keswick, Ambleside).  
• Development of mining for copper, lead and iron. 
Post 
Medieval 
 1600 – 
present 
• Breakdown of monastic ownership following dissolution.  
• Ownership of farms by individuals – gradual disappearance of open field 
system. Intaking onto fellsides and enclosure with more stone walls. 
Farming mainly pastoral with some arable.  
• Development of major industries – mining and quarrying; gunpowder; 
bobbin production; tanning; iron smelting; water industry.  
• Evolution of modern settlement pattern and transport (road then rail). 
• Extraction of water from lakes  
• Closure of mines  
• National Park Designation 1951 
• Tourism   
• UNESCO World Heritage site designation 2017 
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3.5.1  Anthropogenic activity  
Anthropogenic activity has both direct and indirect impacts on sediment continuity and 
river channel planform (Sear et al., 2000; Downs and Gregory, 2004; James and Marcus, 
2006; Macklin and Lewin, 2008; Macklin et al., 2014; Gregory, 2019). This section 
discusses river channel management, land use and flow regulation in the Lake District 
over the last 150 years.  
 
3.5.1.1  River management and maintenance 
River channels have been directly modified since the Medieval period to protect land, 
homes and infrastructure from flooding across the Lake District region (Wilson, 2010). 
In the Lake District, channel modifications have included channelization, bank 
reinforcement, sediment dredging, vegetation management and flow regulation 
(Cumberland River Board Authority, 1950s – 1970s; Environment Agency, 2018). Several 
channelization schemes occurred prior to the first Ordnance Survey maps in the early 
19th Century and therefore it is difficult to identify the timing of these works 
(Winterbottom, 2000). However, channelized rivers in the Lake District can be identified 
by straight uniform planforms and reinforced banks. Examples of these ‘engineered’ 
channels in the region include Newlands Beck, upstream of Bassenthwaite Lake (Fig. 
3.10A), downstream of Thirlmere Reservoir on St John’s Beck (Fig. 3.10B) and along the 
River Greta as it flows through Keswick (Fig. 3.10C).  
 
The Cumberland River Board Authority reports provide a useful record of channel 
maintenance (i.e. dredging, bank repairs) on the main river channels from 1950 – 1970 in 
the Lake District. The management of rivers after this period was run by the Regional 
River Authorities and then National River Authorities (1989 – 1996), which has since 
has been superseded by the Environment Agency who currently manage and maintain 
these systems across catchment partnerships and with river trusts. Historically, river 
channel management has focused on hard engineering bank reinforcements or channel 
dredging (Cumberland River Board Reports 1950s-1970) on the lowland sections of rivers 
around settlements and farmland. However, more recently a move to natural based 
management and restoration of the biological and physical function of these rivers is 
being adopted (National Trust, 2019; South Cumbria Rivers Trust, 2019; West Cumbria 
Rivers Trust, 2019).  For example, recently funded projects include the restoration and 
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re-meandering of Goldrill Beck (upstream of Ullswater lake NGR NY 395 163), a 
previously straightened and reinforced channel (National Trust, 2019).  An example of a 
recently completed restoration scheme in the upland study region is on Swindale Beck 
(NGR NY 511 128) in the north-east of the Lake District (Fig. 3.10D). The channel had 
been historically straightened and aligned with rock armour on the channel banks and 
levees, disconnecting the channel from the floodplain and restricting lateral adjustment. 
In 2016 890m of new/restored sinuous channel was created, replacing the 750 m length 
of straightened channel (RESTORE, 2016). The old channel was filled in and reseeded 
(RESTORE, 2016). These examples highlight the direct impact of anthropogenic activity 
on river planform. Future catchment re-wilding and the use of in-channel large wood and 
log jams for river restoration and natural flood management will potentially cause 
localised reach scale planform adjustment (Grabowski et al., 2019). 
 
3.5.1.2  Industrial activity: mining, gravel extraction and woodland industries 
Figure 3.11 summarises the spatial location of the key industries: mining and quarrying, 
water-power and woodland industries, within the Lake District upland region. Industrial 
activity increased in intensity and extent after c. 1600s (LDNPA, 2017). Therefore, these 
industries have potential to influence sediment continuity and planform adjustment over 
the period of measurable change.  
 
The Lake District has a history of mining for lead, copper, graphite silver and slates due 
to the bedrock geologies (Figs. 3.2; 3.11). Mining activities influence sediment supply and 
regulate river discharge (Macklin, 1986; Higgitt et al., 2001; Warburton et al., 2002; 
Wishart, 2004). An enhanced supply of sediment from mining activities can enter the 
channel network which can lead to sediment aggradation and lateral instability or 
sediment can be transported downstream and deposited in lakes.  
 
The imprint of mining activities is evidenced in historic records of channel planform 
adjustments and downstream in lakes (Anderton et al., 1998; Grayson and Plater, 2008; 
Schillereff et al., 2016; Miller et al., 2014). An example of mining impacts on sediment 
continuity and river planform are documented around Greenside lead mine (1825 – 1961) 
upstream of Ullswater Lake (NGR NY 358 179, Fig. 3.11). Mining waste tipped on upland 
channel slopes provides a direct source of sediment to the channel, and the construction 
Chapter 3  
62 
 
of dams and leats to provide water power for the mine results in direct modification (e.g. 
straightening, or re-direction) to channel planform (Anderton et al., 1998). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.10. Examples of river management in the Lake District, arrows indicate flow direction. 
(A) Air photo of St John’s Beck (NGR NY 317 213) showing straightened channel, with reinforced 
banks and embankments to protect road and agricultural land (2016). (B) Straightened and 
realigned Newlands Beck (NGR NY 240 236) with bank reinforcement and flood protection levees 
(source: Richardson, 2011). (C) River Greta flowing through Keswick with flood defence walls 
(Trimming, 2015). (D) Swindale Beck (NGR NY 511 128) river restoration scheme. Photograph 
shows comparative channel morphology of historically straightened (left) and restored (right) 
channel (source: RESTORE, 2016).  
A B
C
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Figure 3.11. Key industrial sites, including mining and quarrying, water power and woodland 
industries in the Lake District National Park, modified from LDNPA (2017).  
 
In addition to direct mining activities, dam failures at Greenside mine in 1877, 1927, 1931 
instigated local changes to hydrology and sediment continuity and geomorphic work over 
the era of measurable change (Anderton et al., 1998). Of these dam failures, the 1927 
Keppel Cove dam failure, triggered by intense rainfall event, caused significant 
geomorphic adjustment (Carling and Glaister, 1987; Anderton et al., 1998). 
Approximately, 1 m of sediment was scoured directly below the breached dam and further 
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downstream sediment was deposited in fans and berms near Glenridding (Anderton et 
al., 1998). The stream bed was raised up to 1 m in the lower reaches by fine gravels and 
a considerable amount of sediment accumulated on the fan delta at the junction with 
Ullswater Lake (Carling and Glaister, 1987). This example demonstrates the spatial and 
temporal impacts mining activities can have on sediment continuity and planform 
adjustment across an upland catchment.  
 
Channels in the Lake District upland region have also been modified for woodland and 
water-power industries (LDNPA, 2017), (Fig. 3.11). These industries include bloomer 
production of iron using water power at bloomer forges and for gunpowder production. 
The majority of mining and quarrying industries in the Lake District ceased by World 
War II due to foreign competition and more efficient production elsewhere in the UK 
(LDNPA, 2017). However, slate quarrying still occurs (Honister, Elterwater) but is at a 
smaller scale than in the past (LDNPA, 2017). Understanding the industrial history of 
the region is important as it can directly and indirectly influence flow and sediment 
continuity and therefore the potential for planform adjustment.  
 
3.5.1.3  Lakes and reservoirs (flow regulation)  
Glaciation in the Lake District created over-deepened basins which have formed lakes 
(Fig. 3.1). Lakes act as long term sinks of sediment disrupting sediment continuity from 
headwaters to lowland floodplain valley zones in the upland sediment cascade. In the 
Lake District, 6 of the principal lakes have been modified for water abstraction for 
drinking water or to support industry in the region, including: Thirlmere Reservoir, 
Haweswater Reservoir, Wet Sleddale Reservoir, Ennerdale, Wast Water and Crummock 
Water, Kentmere Reservoir (Table 3.1). As a result, these lakes have regulated flows 
downstream which can affect sediment transport capacity and potential for adjustment 
(Petts and Lewin, 1979; Gurnell, 1983; Williams and Wolman, 1984; Kondolf, 1997; Petts 
and Gurnell, 2005).  For example, Thirlmere reservoir (NGR NY 311 167) was 
constructed by joining two smaller lakes and building a dam across a gorge and regulated 
flows downstream into St John’s Beck. To ensure a continuous water supply to Thirlmere 
Reservoir, Raise Beck (NGR NY 330 118) was artificially diverted North (previously 
flowed South towards Grasmere) into Thirlmere Reservoir between 1920 and 1935 
(Huddleston, 1935; Hindle, 1981). It is important to recognise that lakes are important 
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features in USC, therefore it is expected that patterns of sediment continuity and 
planform adjustment will differ upstream and downstream of these features.  
 
3.6  Climate 
The Lake District has the highest annual rainfall totals in England (Met Office, 2017). 
Wordsworth (1895) wrote “The rain comes down here heartily”. Seathwaite, Borrowdale 
upstream of Derwent Water (NGR NY 233 119) is the wettest place in England receiving 
over 3400 mm year-1 of rain (Manley, 1946; Wilson, 2010), in contrast, Keswick receives 
1500 mm year-1 (12 km north of Seathwaite), Kendal receives 1300 mm year-1 and 
Rosthwaite, upstream of Derwent water, receives 2550 mm year-1 (Tufnell, 1997; Wilson, 
2010). The spatial heterogeneity in rainfall across the Lake District is related to 
orographic controls and rain shadow effects (Jones and Conway, 1997; Barker et al., 
2004). Westerly air flows from the Atlantic are forced to rise over the mountain summits 
causing the moist warm air to cool, which then condenses resulting in the highest 
quantities of precipitation in the west and central Lake District (Mayes, 1996; Barker et 
al., 2004; Wilson; 2010), (Fig. 3.12).  
 
Extreme rainfall and flood events in the Lake District region have been documented from 
archival sources dating to the 1690s and gauge data dating from 1860s to present 
(Watkins and Whyte, 2008; Met Office, 2017). The longest rainfall gauge in the Lake 
District dates back to 1866 at Helvellyn Birkside, (Fig. 3.13), (Met Office, 2017). Recent 
extreme rainfall and flood events include: the November 2009 flood, where 316 mm of 
rain fell in 24-hour period (480 year rainfall return period), and the extreme Storm 
Desmond flood event 4-6 December 2015 which broke the 24-hour rainfall total (Honister 
Pass 341.4 mm, 1300 year rainfall return interval) set by the 2009 flood. These recent 
floods are the largest in a flood series >558 years based on sediment stratigraphy in 
Bassenthwaite Lake cores (Chiverrell et al., 2019). The extreme rainfall events caused 
widespread flooding, channel adjustments and high sediment transport rates and 
disruption to infrastructure (Joyce et al., 2018). The estimated cost of damages resulting 
from the two floods is £276 million in 2009, and £1.6 billion in 2015, (Environment 
Agency, 2018).  
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Climate change is expected to increase the occurrence of extreme rainfall events similar 
to that of Storm Desmond and the 2009 event, as summers become warmer and dryer 
winter rainfall and extreme events are predicted to increase by approximately 15 - 30 % 
by 2080 (Cumbria County Council, 2008). Increases in extreme rainfall events will 
increase river discharge and affect the intensity and frequency of flood events and 
therefore the potential for sediment erosion and deposition and planform adjustment in 
the future (Coulthard and Macklin, 2001; Watts et al., 2015). 
 
Figure. 3.12. Spatial distribution of mean monthly rainfall 1911 – 2010 in the Lake District upland 
region (source: Tanguy et al., 2019). 
931m
899m
978m
776m
950m
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Figure 3.13. Long term (1866–2017) monthly rainfall (mm) variability from the Met Office 
Helvellyn Birkside rain gauge (NGR NY 338 133, elevation 655 m), red line indicates 12 month 
moving average.  
 
3.7  Reach, catchment and multiple catchment scales of analysis  
Previous research into river channel dynamics in the Lake District have been focused at 
the reach scale or on individual channels. These studies have included reconstructing and 
quantifying the impacts of flood events (Carling and Glaister, 1987; Carling, 1997; 
Johnson and Warburton, 2002; Joyce et al., 2018; Heritage et al., 2019; Heritage and 
Entwistle, 2019), sediment budgets (Johnson and Warburton, 2002b, 2006) investigating 
hillslope channel coupling (Johnson et al., 2008); estimating bedload sediment transport 
rates (Newson, 1985); modelling channel erosion during floods (Wong et al., 2015); river 
habitat surveys (Cooper, 2004); fluvial reconnaissance (Harvey, 1997); fluvial audit 
(Skinner and Haycock, 2004); and river energy audit (Soar et al., 2017).   However, no 
previous studies have placed reach scale assessments of planform adjustment in the 
catchment or regional spatial context over the last 150 years in the Lake District.   
 
This thesis quantifies the spatial patterns and geomorphic variables of upland river 
planform adjustment at the reach, catchment and multiple catchment scale over the last 
c. 150 years in the Lake District upland region. This section outlines the catchments 
studied in the Lake District. The downstream extent (end point) of the designated upland 
catchment is defined (1) at the end point of a waterbody (lake, reservoir or 
impoundment), or, where multiple waterbodies are present along the river network the 
end point is located at the outlet of the furthest downstream lake (if it lies within the 
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upland region); and (2) if no waterbody is present the endpoint is located where the river 
channel network is no longer surrounded by hillslopes >300 m elevation (Atherden, 1992).  
Figure 3.14 displays the Lake District upland study area (1250 km2), which occupies 55% 
of the National Park focusing on the upland catchments. In total, 17 catchments are 
studied in the upland region (size range 8 – 362 km2), (Fig. 3.14).  
 
Figure 3.14. (A) Location of the Lake District upland study region in North-west England. (B) 
The 17 Lake District catchments studied within this thesis, which constitute the in the basis of 
Chapters 4, 5 and 6.   
 
The research strategy adopted in this thesis takes a nested approach exploring patterns 
and controls of planform adjustment and stability at three different spatial scales: the 
reach, catchment and multiple catchment (region). At these spatial scales the pattern of 
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river planform adjustment and stability is assessed during a flood event (Chapter 4) and 
over the past 150 years (Chapters 5 and 6). 
 
Detailed reach scale field investigations (Chapter 4) were conducted on St John’s Beck 
(Fig. 3.14) to explore short term channel planform adjustment and sediment dynamics 
in response to the extreme Storm Desmond, 2015 flood (Chapter 4). St John’s Beck is a 
focus for the reach scale assessment as large quantities of sediment were eroded, 
transported and deposited during the December 2015 flood. St John’s Beck was also easily 
accessible, had available historic sources of data, and had an upstream discharge and 
rainfall gauge. St John’s Beck represents the floodplain valley transfer zone of the USC. 
The event scale patterns of sediment continuity and planform adjustment identified along 
St John’s Beck are considered in the wider spatial and temporal context of sediment 
continuity and planform adjustment in Bassenthwaite catchment, and in the upland 
study region (Chapter 6).  
 
At the catchment scale, a methodology is developed to assess patterns and controls of 
2D planform adjustment and stability over the past c. 150 years (Chapter 5). The 
methodology is developed and initially tested in the Wasdale Catchment (Fig 3.14). The 
Wasdale catchment was chosen as it represents the production zone of the USC, it 
exhibits a rich variety of fluvial forms including: bedrock, confined, unconfined wandering 
and braided channels (Harvey, 1997), and has available historic data. The methodology 
developed in Chapter 5 is then applied to the remaining catchments in the study region 
to explore regional patterns and controls of planform adjustment and stability (Chapter 
6).  The scales of analysis allow local reach scale patterns of adjustment and stability to 
be considered in the wider catchment and regional spatial context at the event scale and 
over longer time scales of the past c. 150 years. 
 
3.8  Data availability  
In order to assess the spatial and temporal patterns and controls of planform adjustment 
and stability in the Lake District upland region it is important to collate available data 
for the region. Table 3.4 summarises the key data sources available for the Lake District 
that are used in this study.  The following section describes the data sources and the 
information that can be derived from them.  
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A 5 m DTM (Edina Digimap, 2017) is used to provide topographic information (i.e. 
stream order, channel slope, catchment area). Environment Agency LIDAR data (1 and 
2 m resolution) is available for the Lake District, however, the coverage is limited to 
valley bottoms and therefore does not characterise rivers from source to sink and therefore 
it is not used in this thesis. 
 
Comparisons of historic maps and aerial photographs provide an indication of river 
channel planform adjustment over time (Lewin, 1987; Macklin and Lewin, 1989; Petts et 
al., 1989; Macklin et al., 1992; Downward et al., 1994; Milton et al., 1995; Winterbottom, 
2000). The historic maps and air photographs used in this thesis are the Ordnance Survey 
county series maps 1867-68 (1:10 560); National grid series 1956-57 (1:10 560); 1974-1980 
(1:10 000); and air photographs: 1995 (Natural England, 25 cm resolution), 2003-04 and 
2009-10 (source: © Bluesky International Ltd, 25 cm resolution).  These historic maps 
and air photographs have a full coverage of the Lake District upland study region and 
cover the period of the last c. 150 years. Bedrock and superficial geology data (British 
Geological Survey, 2016) provides an indication of the availability and calibre of sediment 
and resistance to erosion. Land cover influences surface runoff and sediment availability 
to a channel, and therefore the potential for channel adjustment (Rowland et al., 2017). 
Historic maps, air photographs, DTM, geology and land cover are available as 
georeferenced files and can be analysed in a Geographical Information System (GIS).  
There are 19 flow gauges in the Lake District upland region. The earliest flow gauge 1935 
– present is on St John’s Beck (NGR NY 313 195). Historical flood events in the region 
are documented in archival records (newspapers, local reports) and represent an 
important source of information for understanding potential climate influences on 
discharge and channel adjustment over the past 150 years (Watkins and Whyte, 2008).   
The available data allows patterns and geomorphic variables of planform adjustments to 
be assessed spatially and temporally across the Lake District upland region.  
 
3.9  Chapter conclusions  
This chapter describes the characteristics of the Lake District upland study site in north-
west England. The Lake District has an active fluvial system and patterns of sediment 
continuity and planform adjustment are influenced by the regional geology, glacial legacy, 
prevailing climate and anthropogenic activity (Wilson, 2010).  Figure 3.15 summarises 
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the exogenic variables influencing river channel planform adjustment and the available 
data in the Lake District since 1650s (modified from Higgitt et al., 2010). Over the past 
c. 150 years there has been an intensity of change in exogenic controls on planform 
stability. For example, climate has warmed which has been associated with an increase 
in extreme flood events (Chiverrell et al., 2019), (Fig. 3.15).  Mining and quarrying was 
historically the main industrial activity (1600s - 1940s), however has since decreased in 
extent (LDNPA, 2017). Slate quarrying, sheep farming and tourism now remain the main 
land uses within the region. Anthropogenic activities have directly modified high order 
channels through channelization, river restoration (Fig. 3.10) and flow regulation. 
Indirectly, changes in land use (e.g. mining, farming, forest clearance) has instigated 
increases in sediment supply from valley slopes to the channels (Fig. 3.15). The Lake 
District has available historic maps and air photographs, and flow data (Table 3.4), which 
can provide an understanding of planform adjustment over the era of measurable change.   
The Lake District therefore is a suitable case study to investigate the complexities of 
historic river channel planform adjustments outlined in Chapters 1 and 2. This Chapter 
has presented the study catchments which are the focus of Chapters 4, 5 and 6. Chapter 
4 explores the reach scale patterns of sediment continuity along St John’s Beck in 
response to the extreme storm Desmond flood event.  
 
Table 3.4. Available data for assessing patterns and controls of planform adjustment and stability 
in the Lake District study region.   
 
Data Date Scale / Resolution Source 
DTM 2016 5 m Edina Digimap 
Ordnance Survey 
map 
2016 1:10 000 Ordnance Survey  
Historic maps 1860s  1:10 560  
 
Ordnance Survey County Series 1st 
ed. – 3rd revision 
1950s 1:10 560 National Grid Imperial 1st Edition. (1st 
– 3rd Revision) 
 
1980 1:10 000 National Grid 1:10,000 series, fully 
metric, 1st edition 
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Table 3.4. continued. 
Data Date Scale / Resolution Source 
Air photographs 1995 0.25 m  Natural England 
2004 0.25 m  Bluesky International Ltd 
2010 0.25 m Bluesky International Ltd 
Land Cover 2015 25 m Rowland et al., 2017 
Bedrock Geology  1:50 000 British Geological Survey, 2016 
Superficial Geology  1:50 000 British Geological Survey, 2016 
Flow Data  1940s-
present 
Daily Environment Agency, 2017  
Rainfall data 1900-
present 
Monthly Met Office 
Centre of Ecology and Hydrology 
(Tanguy et al., 2019) 
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Chapter 4 
 
 
Sediment continuity through the upland 
sediment cascade: geomorphic response of 
an upland river to an extreme flood event 
 
 
Published paper: 
Joyce, H.M., Hardy, R.J., Warburton, J. and Large, A.R., (2018). Sediment continuity 
through the upland sediment cascade: geomorphic response of an upland river to an 
extreme flood event. Geomorphology, 317, pp. 45-61. 
 
4.1  Chapter summary 
Hillslope erosion and accelerated lake sedimentation are often reported as the source and 
main stores of sediment in the upland sediment cascade during extreme flood events. 
While upland valley floodplain systems in the transfer zone have the potential to influence 
sediment continuity during extreme events, their geomorphic response is rarely 
quantified. This Chapter quantifies the sediment continuity through a regulated upland 
valley fluvial system (St John’s Beck, Cumbria, UK) in response to the extreme Storm 
Desmond (4-6 December, 2015) flood event. A sediment budget framework is used to 
quantify geomorphic response and evaluate sediment transport during the event. Field 
measurements show 6500 ± 710 t of sediment was eroded or scoured from the river 
floodplains, banks and bed during the event, with 6300 ± 570 t of sediment deposited in 
the channel or on the surrounding floodplains. Less than 6 % of sediment eroded during 
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the flood event was transported out of the 8 km channel. Floodplain sediment storage 
was seen to be restricted to areas of overbank flow where the channel was unconfined. 
Results indicate that, rather than upland floodplain valleys functioning as effective 
transfer reaches, they instead comprise significant storage zones that capture coarse flood 
sediments and disrupt sediment continuity downstream. 
 
4.2  Introduction 
Upland rivers are active geomorphic systems that generate some of the highest annual 
global sediment yields (Milliman and Syvitski, 1992). The steep channel gradients, high 
runoff and dynamic geomorphic processes result in high rates of sediment production, 
transfer, deposition and geomorphic change (Johnson and Warburton, 2002; Warburton, 
2010).  These processes are greatest during high magnitude, low frequency, extreme flood 
events when sediment yields can increase by orders of magnitude, even when averaged 
over centennial to millennial timescales (Korup, 2012; Wicherski et al., 2017). The 
geomorphic impacts of these extreme events such as riverbed and bank erosion (Prosser 
et al., 2000; Milan, 2012; Thompson and Croke, 2013), channel widening (Krapesch et 
al., 2011), overbank sediment deposition (Williams and Costa, 1988; Knox, 2006), 
floodplain scour (Magilligan, 1992) and the destruction of protection structures 
(Langhammer, 2010) can have significant impacts on upland river valleys and 
surrounding society and infrastructure (Davies and Korup, 2010). Many of these upland 
systems have been anthropogenically modified to minimise the geomorphic impacts of 1 
in 100 year flood events (Hey and Winterbottom, 1990; Gergel et al., 2002), but under 
extreme flows managed river corridors can be reactivated.  
 
Previous research has focused on understanding the controls of such geomorphic change 
during extreme events to help better predict and manage the impacts. For example, 
studies have explored the potential for geomorphic work through magnitude-frequency 
relationships (Wolman and Gerson, 1978), hydraulic forces (i.e., discharge, shear stress, 
stream power (Magilligan, 1992; Thompson and Croke, 2013)), catchment characteristics 
such as valley confinement (Righini et al., 2017), the role of engineered structures 
(Langhammer, 2010) and anthropogenic modifications (Lewin, 2013).  However, only a 
few studies (Trimble, 2010; Warburton, 2010; Warburton et al., 2016) have investigated 
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the geomorphic impacts of extreme events in terms of sediment continuity through the 
upland sediment cascade (USC).  
 
The movement of coarse sediment in and between the zones of the USC has been 
compared to a ‘jerky conveyor belt’ (Ferguson, 1981; Newson, 1997) where sediment is 
transferred and stored over a range of temporal scales.  Sediment stores can fuel or buffer 
sediment transport rates and therefore influence sediment continuity and potential 
geomorphic change downstream; this is particularly relevant during less frequent higher 
magnitude events where sources and stores of sediment can rapidly change over a short 
period of time (Davies and Korup, 2010; Fryirs, 2013). However, the continuity of 
sediment transfer through intervening modified valley systems has only rarely been 
directly surveyed or evaluated in detail after extreme flood events (i.e., Johnson and 
Warburton 2002; Warburton, 2010) and few studies have looked at how these systems 
recover following these extremes (Milan, 2012). 
 
Understanding sediment continuity and planform adjustments during extreme events in 
upland valley systems will become increasingly important for hazard management given 
projected increases in winter precipitation from predicted climate change (Raven et al., 
2010; van Oldenborgh et al., 2015). However, extreme flood events are difficult to predict 
(Lisenby et al., 2018) and there are few direct measurements from these events. 
Consequently, their impacts have to be inferred from historical information and estimates 
of the quantity of sediment stored and transported are generally poorly constrained.   
 
This Chapter quantifies the geomorphic response of an upland river valley system 
(transfer zone) to Storm Desmond, an extreme flood event that hit Cumbria, north-west 
England, in December 2015. Specifically, the objectives of this Chapter are to (i) quantify 
the geomorphic impacts of the extreme event on the upper floodplain valley system of 
the USC; (ii) estimate bedload sediment transport rates during the flood; (iii) evaluate 
system recovery one year after the flood event; and (iv) place findings within the wider 
context of sediment continuity through the USC. This study will enable better 
understanding of sediment continuity in upland regions at the channel scale.  
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4.3  Study site  
This study focused on St John’s Beck, an 8 km channelized, regulated gravel bed river 
downstream of Thirlmere Reservoir, Central Lake District, UK (NGR NY 318 203, 
catchment area including Thirlmere Reservoir is 53.4 km2, effective catchment area is 12 
km2), (Fig. 4.1a). St John’s Beck is a tributary to the River Greta that flows through the 
town of Keswick before discharging into Bassenthwaite Lake (area = 5.1 km2). St John’s 
Beck ranges in altitude from 178 m OD at the Thirlmere Reservoir outlet to 130 m OD 
where it joins the River Greta (Fig. 4.1a). St John’s Beck lies in the upper floodplain 
transfer zone of the USC (Fig. 4.1b). The channel has a Strahler (1952, 1957) stream 
order of 3, mean channel slope of 0.005 and mean channel width of 12 m. St John’s Beck 
lies in a glaciated valley (Vale of St John’s) that is underlain by Ordovician Borrowdale 
Volcanic rocks in the north of the catchment and the Skiddaw group in the south. The 
land surrounding the channel is predominantly mixed woodland and pasture used for 
livestock grazing. St John’s Beck is a Site of Special Scientific Interest and lies in the 
Derwent and Bassenthwaite Lake Special Area of Conservation. The river is protected to 
support salmon, lamprey species, otters and floating water plantain (Wallace and Atkins, 
1997; Reid, 2014).  
 
St John’s Beck has a wandering planform, which has been restricted laterally due to 
channelization in the late nineteenth century following the impoundment of Thirlmere 
Reservoir (area = 3.3 km2). The channel is confined by the natural valley topography in 
the upstream reaches. Floodplain valley width increases 1.8 km downstream from 
Thirlmere Reservoir (Fig. 4.1a), however the river channel has been modified and 
restricted from movement here (1.8 - 5 km downstream) through bank reinforcement and 
flood protection levees. Flood protection levees were built to protect farmland and a 
major link road from flooding. Long-term flow regulation has influenced sediment 
transport rates in St John’s Beck and as a result the system displays clear zones of 
aggradation. There are four first order tributaries that flow into St John’s Beck. Flow 
and sediment are intercepted from two of these tributaries, which drain the Helvellyn 
mountain range and are directed to Thirlmere Reservoir (Reid, 2014; Bromley, 2015). 
The third and fourth first order tributaries are constrained by the presence of a road and 
a sediment trap and therefore are not a major source of sediment to St John’s Beck. 
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Figure 4.1. St John’s Beck study site and position in the upland sediment cascade. (A) Location 
and catchment area of St John's Beck, Cumbria, UK, identifying the study reach and catchment 
discharge and rainfall gauging stations. Arrows indicate flow direction. (B) Long profile through 
the St John's Beck catchment showing the interruption of Thirlmere Reservoir on the USC. 
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4.4  The Storm Desmond flood event   
Extreme flood events in the Lake District have been documented from 1690 to the present 
(Watkins and Whyte, 2008) (recent floods summarised in Table 4.1). This chapter 
describes the geomorphological impacts of the Storm Desmond (4-6 December 2015) flood 
event. Storm Desmond, a North Atlantic storm, was associated with a mild and moist 
slow moving low pressure system located northwest of the UK that brought severe gales 
and exceptionally persistent heavy rainfall over northern UK (Met Office, 2016). 
Northern England experienced the wettest December on record (in a series from 1910), 
following the second wettest November, after 2009 (McCarthy et al., 2016).  The average 
December rainfall doubled in northern England, with the Lake District receiving three 
times its average monthly rainfall (McCarthy et al., 2016). Storm Desmond produced 
record-breaking rainfall maximums in the UK: 341.4 mm rainfall was recorded in a 
24 hour period at Honister Pass (NGR NY 225134), Western Lake District, and 405 mm 
of rainfall was recorded in a 38 hour period at Thirlmere (chapter study catchment), 
central Lake District (NGR NY 313 194). The storm was the largest in the 150 year local 
Cumbrian rainfall series (1867 – 2017), and exceeded previous records set in the 2005 and 
2009 Cumbrian floods. The estimated return period for the rainfall event was 1 in 
1300 years (CEH, 2015) based on the FEH13 rainfall frequency model (Stewart et al., 
2014). The UK climate projection change scenarios for northwest England predict winter 
flood events like this will occur more often in the future because of increases in rainfall 
intensity due to climate change (Watts et al., 2015).  
 
4.4.1  Storm Desmond impacts  
Storm Desmond caused widespread disruption across northern England, and in particular 
in upland areas in the Lake District region. The event captured national attention when 
extreme weather conditions prompted a full-scale emergency response to extreme 
flooding, erosion and sediment movement by upland rivers. Over 5000 homes were 
flooded, access routes were destroyed (257 bridges destroyed) and key infrastructure was 
affected, including the erosion of the main A591 trunk road through the central Lake 
District. The latter was estimated to cost the local economy £1 million per day (BBC, 
2016).  In the production zone of the USC, saturated hillslopes and high pore-water 
pressures triggered landslides in a number of valleys, with sediment eroded and 
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transported through mountain torrents (Warburton et al., 2016). Geomorphic impacts in 
the upper floodplain system of the USC included the erosion of riverbed and banks, 
floodplain scour, scour around man-made structures (bridges, levees) and extensive 
deposition of coarse sediment across floodplains. Storm Desmond caused severe flooding 
and substantial geomorphic change along St John’s Beck (Fig. 4.2).  
 
Table 4.1. Recent flood events in Cumbria, UK, including the 24-h rainfall total (mm) and 24-h 
rainfall return period (yr). 
 
 
 
4.4.2  Hydrological regime in St John’s Beck  
Flooding is not unusual in St John’s Beck, historic accounts describe a “most dreadful 
storm… with such a torrent of rain, [which] changed the face of the country and did 
incredible damage in [St John’s in the Vale]” in 1750, (Smith, 1754). This historical event 
has characteristics similar to that of Storm Desmond, with large boulders of sediment 
being transported and deposited on floodplains along the transfer zone. Long term rainfall 
records available for the St John’s Beck Catchment (Fig. 4.3a, Helvellyn Birkside gauging 
station NGR NY 338 133, ~6.3 km south of St John’s Beck; Fig. 4.1) show Storm 
Desmond contributes to the greatest monthly rainfall event (1361 mm rainfall in 
December 2015) being five times higher than the mean December rainfall total in the 150 
year time series. The rain gauge on St John’s Beck (NGR NY 313 195; Fig. 4.1) shows 
the rain that fell during December 2015 fell on previously saturated ground, following a 
total of 559 mm in November 2015 (Fig. 4.3b). These antecedent conditions comprise the 
second wettest November recorded at this site after the 2009 floods (Met Office, 2016). 
Date of Event Rainfall (mm) in 
24-h period 
Estimated 24-h 
Rainfall Return 
Period (yr) 
Reference 
31 January 1995 163.5 80 Johnson and Warburton 
(2002) 
7-8 January 2005 173 100 Roberts et al. (2009); 
Environment Agency, 
(2006) 
 
18-20 November 2009 316.4 480 Sibley (2010);  
Stewart et al. (2010); 
CEH (2015) 
 
Storm Desmond, 4–6 
December 2015 
341.4 1300 CEH (2015) 
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Daily rainfall totals (Fig. 4.3c) show the event peaked on 5 December 2015, where over 
a 15 min peak period, an estimated 6.8 mm of rain was recorded. Discharge records for 
St John’s Beck (Fig. 4.4a) similarly show Storm Desmond was the largest magnitude 
event in the 82 year flow record with an estimated peak discharge recorded during the 
event of 75.4 m3 s-1 (Fig. 4.4b). Mean discharge for St John’s Beck during the 82 year 
record period is 0.85 m3 s-1; in 2015 mean discharge was 2 m3 s-1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2. Photographs of the impacts of Storm Desmond along St John’s Beck and the 
surrounding floodplains. (A–B) Flood sediments and debris (tree trunks) transported and 
deposited on floodplains and in the channel. (C–D) Floodplain scour. (E) Riverbank erosion. (F) 
Destruction of the access bridge over St John’s Beck to Low Bridge End Farm (bridge 
approximately 3.5 m high for scale).  
A B 
C D 
E F 
3.5 m  
1 m  
10 m  
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Figure 4.3. Rainfall records in the St John’s Beck catchment. (A) Long term (1860 – 2017) monthly 
rainfall variability in the St John’s Beck catchment from the Helvellyn Birkside rain gauge (NGR 
NY 338 133). (B) Monthly rainfall totals from the St John’s Beck Environment Agency (EA) 
tipping bucket rain gauge (TBG) from 1995-2017. (C) 15 min interval rainfall record from St 
John’s Beck EA TBG (NGR NY313 195) during the Storm Desmond flood event. 
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Figure 4.4. Discharge records for the St John’s Beck gauging station. (A) Annual maximum flood 
peaks for St John’s Beck gauging station 1935-2016 using daily mean and 15 min interval recorded 
flow data. (B) Estimated discharge, stage height and total rainfall during Storm Desmond.  
 
 
4.5  Methods  
This chapter analyses geomorphic data collected during two field campaigns at St John’s 
Beck. The first survey was completed after the Storm Desmond flood (April-May 2016) 
to capture the geomorphic impacts of this event before clean-up operations and reworking 
of flood sediments occurred. The second survey was conducted in June 2017 to assess 
short-term system recovery following the flood. All field data were digitised and analysed 
in a GIS in British National Grid coordinates. A 5 m resolution digital terrain model 
(DTM) (Edina Digimap, 2016), pre-flood aerial imagery, 2009-2011, (from Bluesky 
International Limited, resolution 0.25 m) and post-flood event, May 2016, (from the 
Environment Agency, resolution 0.2 m) were used for validating field measurements and 
to assess valley topographic and local controls of the geomorphic impacts observed.  
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4.5.1  Geomorphic analysis 
4.5.1.1  Channel geometry and bed material  
A Leica Geosystems Real Time Kinetic differential GPS (RTK dGPS) 1200, was used to 
survey channel cross section geometry, floodplain geometry and thalweg long profile 
during the 2016 and 2017 surveys. Cross section sites were chosen along the 8 km river 
where there was a clear change in channel geomorphology identified by a walk-over 
reconnaissance of the catchment in 2016. A total of 22 sites for cross section surveys were 
chosen along St John’s Beck. Cross section 1 was located near the St John’s Beck gauging 
station (1 km downstream from Thirlmere Reservoir), so all data collected could be 
discussed in relation to the flow and rainfall records (Figs. 4.4b, 4c, and 4.5). The last 
cross section was located near the confluence with the River Greta (7.8 km downstream). 
Ten of the cross section sites were located along a 1.3 km length reach where significant 
riverbank erosion and overbank flood sediment deposition occurred during Storm 
Desmond. Survey pegs were positioned at the endpoints of each cross section in 2016 and 
used as control points to allow resurvey in 2017. Cross section profile RTK dGPS 
measurements had a mean accuracy of ± 0.02 m and standard deviation of 0.06 m in the 
2016 survey, and a mean accuracy of ± 0.03 m and standard deviation of 0.03 m in the 
2017 survey. Bankfull channel cross-sectional area was calculated at each cross section 
and changes in channel bankfull capacity (m2 yr-1) were calculated by differencing the 
data collected over the survey periods.  Thalweg long profile was surveyed using the RTK 
dGPS. Average profile point spacing was 8 m (mean accuracy of ± 0.02 m and standard 
deviation of 0.01 m) in the 2016 survey and 12 m (mean accuracy of ± 0.03 m and 
standard deviation of ± 0.01 m) in the 2017 survey.  
 
Channel surface bed material was measured at each cross section following the pebble 
count method for grain size distribution (GSD) in the 2016 and 2017 field campaigns. 
The b-axis of 100 particles were randomly measured (particle under tip of the toe method; 
Wolman, 1954) along the width of each cross section. The median diameter grain size 
(D50) and the 90
th percentile (D90) were calculated and used to understand system 
response and sediment transfer following the event.  
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4.5.1.2  Bedload transport  
Bedload sediment transport during Storm Desmond was estimated using the Bedload 
Assessment for Gravel-bed Streams (BAGS) software (Pitlick et al., 2009) applying a 
surface-based bedload transport equation (Wilcock and Crowe, 2003). The input 
parameters were: the GSD of the channel bed surface, cross-sectional data including 
floodplains, cross section averaged bed elevation slope, flow discharge in the form of a 
flow exceedance curve for the event, and Manning’s ‘n’ values for a clean winding channel 
(0.04) and short grass floodplains (0.03) estimated from Chow (1959). Sensitivity to 
Manning’s ‘n’ values was assessed using Chow (1959) minimum and maximum values for 
the channel and floodplains. Morphological change between cross sections was calculated 
by subtracting the downstream cross section bedload transport rate from the upstream 
value to identify net erosion and deposition reaches.  
 
Historical bedload sediment transport rates were also estimated using the BAGS model 
(i) as an average daily transport rate for the long-term daily discharge record 1935-2015, 
and (ii) for the top five discharge events in the long term (15 min interval) flow record. 
Whilst this assumes that the cross-sectional profiles and grain size distribution are the 
same as the post-Desmond channel, this analysis allows us to assess the importance of 
the Storm Desmond event on sediment transport rates in relation to the longer-term 
system history.   
 
4.5.2  Geomorphic impacts of the Storm Desmond event: sediment budget analysis 
A sediment budget framework was used to quantify the geomorphic impacts of the Storm 
Desmond event and identify the dominant stores of sediment along St John’s Beck. 
Sediment budgets focus on quantifying the erosion, deposition and transfer of sediment 
through a channel or reach over an event or time period (Reid and Dunne, 1996; Brewer 
and Passmore, 2002; Fuller et al., 2003). Sediment budgets represent the conservation of 
mass and can be summarised as (Slaymaker, 2003):   
 !" = 	 %& + 	∆)&	            (1) 
 
where !& is the sediment output (yield) of the reach, %& is input of sediment from dynamic 
sediment sources, and )& is sediment stored on floodplains, channels etc. This framework 
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is useful to understand local sediment continuity in response to a particular event and 
indicate whether a system is balanced (Reid and Dunne, 2003).  The main geomorphic 
depositional ()&)	and erosional (%&) features identified after Storm Desmond along St 
John’s Beck were: floodplain sediment deposits, in-channel bars, floodplain scour, channel 
bed scour and riverbank erosion (Fig. 3). Floodplain scour is differentiated from bank 
erosion as it is associated with the stripping of the floodplain surface (vegetation) and 
removal of large blocks of sediment (Nanson, 1986); whereas bank erosion is defined as 
the removal of sediment from the bank by hydraulic action or through mass failure 
(Odgaard, 1987; Knighton, 1998).  The volume and sediment size distribution of erosional 
and depositional components were measured using the RTK dGPS, and pebble count 
technique (Wolman, 1954) and their spatial extent was validated using the pre- and post-
event aerial photographs. Channel bed scour was active during the event, however, it 
was not directly measured as no cross sections were monumented prior to Storm 
Desmond. During flood events some reaches can experience scour whilst other reaches 
aggrade (Reid and Dunne, 1996). The location of channel bed scour was assumed to occur 
where riverbank erosion or floodplain scour was observed after Storm Desmond; this was 
quantified using the post-event air photo and field data in GIS. The depth of channel 
bed scour was estimated according to Carling’s (1987) scour-depth relation for gravel bed 
rivers:  
 +& 	= 0.04301.23           (2) 
 
where +& is depth of scour (m) and Q is the event peak discharge (m3 s-1).  
 
Volumes of sediment eroded and deposited for each geomorphic component were 
converted to sediment mass using local values of coarse sediment bulk density of 
1860 ± 17 kg m3 derived from the mean bulk density of 30 measured samples from the 
channel bed and floodplain sediment deposits.  
 
Sediment input and output of St John’s Beck during the event was estimated by 
converting the BAGS estimated event bedload sediment transport rates into (cross 
section 1, 1 km downstream) and out of St John’s Beck (cross section 22, 7.8 km 
downstream) into the event sediment yield.  Error in sediment budgets represents a 
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combination of survey measurements and calculations, so standard methods of error 
analysis are difficult to apply. Often, sediment budget error is calculated as an 
unmeasured residual by subtracting the erosion and deposition components (Kondolf and 
Matthews, 1991; Reid and Dunne, 2003). As a result, sediment budgets may balance only 
because errors are hidden in the residual terms (Kondolf and Matthews, 1991). To avoid 
misrepresentation of the sediment balance, in this study the standard error was calculated 
for each measurement technique for each geomorphic component. The standard errors 
were summed and then converted to a percentage before being converted to mass (t) for 
each component. For example, floodplain deposit mass error represents a combination of 
errors from the RTK dGPS, depth of deposit, and bulk density error measurements.  The 
standard error from these measurements was calculated and then summed to calculate 
the total error percentage before being converted to the mass error (t). 
 
4.5.3  Factors controlling geomorphic change 
4.5.3.1  Lateral channel confinement ratio 
Channel confinement describes the extent to which topography, such as hillslopes, river 
terraces and artificial structures, limit the lateral mobility of a river channel (Nagel et 
al., 2014). Lateral channel confinement ratio (C) was calculated as:  
 4 = 5657                  (3)
   
where wf is the floodplain width and wc is the active channel width.  Floodplain width 
(pre- and post-Storm Desmond) is defined as the horizontal distance from the top of the 
channel bank to the base of the hillslope (Gellis et al., 2017); this is determined using the 
2009-2011 and 2016 aerial photographs, the 5 m resolution DTM and the 2016 field data.  
The active channel width was measured (1) prior to Storm Desmond using the 2009-2011 
aerial photographs, and (2) after Storm Desmond using the RTK dGPS channel cross 
section measurements and May 2016 aerial photographs. Channel and floodplain width 
were measured at the 22 cross section sites.  
  
Hall et al. (2007) documented that confined channels have a confinement ratio of ≤3.8 
and unconfined channels a ratio of >3.8. Channel confinement can influence the potential 
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for sediment erosion and deposition; for example, Thompson and Croke (2013) found that 
in a high magnitude flood event in the Lockyer Valley, Australia, erosion was 
concentrated in the confined reaches, and deposition was concentrated in unconfined 
reaches with floodplains acting as a major store of sediment. Such behaviour may be 
affected by the presence of structures such as levees or roads, which are present along St 
John’s Beck. Three types of confinement were identified along St John’s Beck: (1) natural 
confinement, defined as the channel confinement by the natural valley bottom 
topography; (2) artificial confinement, where reaches of the channel have been modified 
through reinforced riverbanks, the presence of walls, levees, or road embankments that 
prevent the channel from migrating laterally; and (3) the post-Storm Desmond 
confinement taking into consideration the active channel width following the extreme 
event.  
 
4.5.3.2  Stream power and shear stress  
At the reach scale average shear stress, Eq. (4) (Du Boys, 1879), critical shear stress, Eq. 
(5) (Gordon et al., 1992), unit stream power, Eq. (6) (Bagnold, 1966) and critical unit 
stream power Eq. (7)  (Bagnold, 1966; Williams, 1983; Petit et al., 2005)  were calculated 
for the Storm Desmond flood to understand the potential magnitude of sediment 
transport rates and geomorphic impacts observed during the event using the one-
dimensional uniform flow approximations: 
 8 = 	9:+)                      (4) 
 8; = 0.97>?                          (5) 
 @ = 	 ABC"D                       (6) 
 @;		 = 0.079>?E.F                       (7) 
 
where 8 is the reach averaged shear stress (N m-2), 9 is the density of water (kg m-3), g 
is the acceleration of gravity (m s-2), S is channel bed slope (m m-1) and d is the maximum 
water depth during the event (m). 8; is the critical shear stress (N m-2) and >? is the 
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grain size (mm). Here the channel D50 and D90 is used. @ is the unit stream power (W m-
2), Q corresponds to the peak discharge (m3 s-1) during Storm Desmond and G	(m) is the 
bankfull width during the flood. @; is the critical unit stream power (W m-2) for particle 
motion based on Williams' (1983) relation for gravel transport in rivers with grain sizes 
between 10-1500 mm. Calculations were applied at the cross section locations and the 
critical shear stress (8 > 	 8;) and critical stream power (@ > 	@;) entrainment thresholds 
estimated to understand the potential for sediment mobility during the event. Shear 
stress and stream power calculations were also calculated using the June 2017 survey 
data (bankfull cross section profiles, grain size data, and mean daily discharge 
(0.085 m3 s-1) to quantify variation in shear stress and stream power during non-overbank 
flows.  
 
4.6  Results 
4.6.1  Geomorphic response to the Storm Desmond event 
Storm Desmond flood impacts along St John’s Beck were concentrated in the channel 
and on the surrounding floodplains. The spatial distributions of both erosional and 
depositional impacts of Storm Desmond are shown in Fig. 4.5a. Generally, erosion and 
deposition impacts were observed in spatially similar locations, for example, where bank 
erosion or scour occurred overbank deposition was observed.  Significant erosion and 
deposition impacts were observed 1.7–3.6 km downstream of Thirlmere Reservoir (Fig. 
4.5b). Geomorphic impacts were less pronounced 3.6-8 km downstream of Thirlmere 
Reservoir; impacts here were often concentrated locally at meander bends (e.g., as seen 
at 5.2 km downstream from Thirlmere Reservoir, cross section 18).  Figure 4.5b shows a 
detailed map of the reach where significant geomorphic impacts (1.7–3.6 km downstream) 
were observed after Storm Desmond. Overbank floodplain deposits and channel bars 
measured 2.1–2.5 km downstream (between cross sections 7 to 10) occur where the 
channel is laterally unconfined. The channel in this reach (2.1-2.5 km downstream) was 
identified as aggradational (low channel capacity, channel bed nearly level with banks) 
in a reconnaissance survey (approach after Thorne, 1998) of the site prior to the flood. 
Bank erosion and scour was concentrated on the artificially-confined reach 2.5-3 km 
downstream (cross sections 10 to 13). Local lateral riverbank recession exceeded 12 m 
and caused the destruction of flood protection levees 2.7 km downstream of Thirlmere 
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Reservoir (see cross section 11 Fig. 4.5b). Material eroded at cross section 11 was 
subsequently deposited on the floodplains downstream.  
 
The dominant geomorphic features surveyed after the event were overbank floodplain 
sediment deposits. Floodplain sediment deposits located 1.8 km downstream (near cross 
section 5) were sourced from a tributary and not from St John’s Beck. The tributary 
sediment did not enter St John’s Beck due to a wall and sediment trapping structure, 
therefore, the mass of sediment measured here (300 t) is excluded from the sediment 
budget analysis.  A total of 105 floodplain deposits were identified from St John’s Beck, 
equating to a sediment mass of 4700 ± 300 t. Flood sediment deposits were generally 
composed of a single layer of sediment with a mean deposit depth 0.09 m ± a standard 
deviation of 0.07 m; the maximum flood deposit depth measured was 0.3 m located 2.7 km 
downstream of Thirlmere Reservoir. The mean grain size of sediment deposit D50 was 
32 mm and D90 was 90 mm.  The 10 largest clasts from the deposits had a mean grain 
size of 147 mm ± a standard deviation of 12.5 mm. Flood deposit grain size decreased 
with distance from the channel. The farthest flood deposit from the channel bank (70 m 
distance) had a D50 of 22 mm and D90 of 63 mm.  The proximal flood deposits (2 m 
distance from the channel) had a mean D50 of 39 mm ± a 17 mm standard deviation and 
D90 of 111 mm ± a standard deviation of 35 mm.  
 
Table 4.2 shows the variation in grain size between the flood sediment deposits and the 
channel bed sediments. Channel bed sediment D50 is greater than the floodplain sediment 
deposits, however, this pattern is reversed for sediment D90. Floodplain sediment deposits 
are composed of material from the channel bed and from eroded features (such as artificial 
levees and stone walls), which generally have coarser grain sizes that could account for 
this variation.  
 
Riverbank erosion and floodplain scour were the main processes accounting for a loss of 
sediment during Storm Desmond. Based on the field data collected, 2300 ± 270 t of 
sediment was eroded from the riverbanks. Floodplain scour contributed to the removal 
of 1300 ± 50 t of sediment during the event, 40% of sediment removed through scour 
was over the reach (2.2-3.6 km downstream) where significant sediment deposition was 
observed. Local scour of 350 ± 13 t undermined and destroyed the access bridge to Low 
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Bridge End Farm (see cross section 10, 2.5 km downstream of Thirlmere Reservoir, Fig. 
4.5).  The depth of channel bed scour was estimated at 0.13 m according to Carling’s 
(1987) scour depth equation, and this equated to a mass of 2900 ± 470 t. 
 
Table 4.2. Grain size (mm) of floodplain deposits and channel bed sediments in the May 2016 and 
June 2017 survey. 
 
 
 
Figure 4.6 displays the total mass of sediment eroded and deposited along St John’s Beck 
during Storm Desmond. The greatest mass of sediment eroded and deposited occurs from 
1.7 to 3.6 km downstream where the floodplain width increases from 7 to 450 m and 
channel slope steepens from 0.001 (0 to 1.7 km downstream) to 0.005 (1.7 to 3.6 km 
downstream).  Erosion features were often balanced by sediment deposition nearby. For 
example, the largest mass of sediment deposited on floodplains (1340 t) correlates with 
the area of greatest erosion (980 t) 2.9 km downstream of Thirlmere Reservoir, where a 
levee was destroyed and the riverbank receded by 12 m resulting in sediment deposition 
over an area of 3470 m2. Erosion and deposition impacts are less pronounced 5.2-7.8 km 
downstream, where the mean floodplain valley width is 77 m ± a standard deviation of 
26 m, and the mean channel slope is 0.003. Erosion and deposition impacts at 5.2 - 7.8 km 
downstream were mainly concentrated on meander bends. Floodplain scour (Fig. 4.2c) 
and sediment deposition was observed on the inside of a meander bend 5.2 km 
downstream where overbank flows were permitted during Storm Desmond. Local bank 
erosion and overbank sediment deposition was observed on bends 6.8 and 7.3 km 
downstream. 
 
 
  Floodplain 
Sediment 
Deposits 
Channel Bed 
Sediments 
(2016 Survey) 
Channel Bed 
Sediments (2017 
Survey) 
 
D50  
Max  64 77 90 
Mean 32 49 53 
Std. Dev.  13 14 18 
     
 
D90 
Max  181 90 294 
Mean  90 53 122 
Std. Dev. 37 17 35 
     Chapter 4  
93 
 
 
 
 
 
 F
ig
ur
e 
4.
5 .
  
G
eo
m
or
ph
ic
 im
pa
ct
s 
of
 t
he
 S
to
rm
 D
es
m
on
d 
flo
od
 e
ve
nt
 a
lo
ng
 S
t 
Jo
hn
’s
 B
ec
k,
 fl
ow
 d
ir
ec
ti
on
 N
or
th
. (
A
) 
Lo
ca
ti
on
 o
f e
ro
si
on
 a
nd
 
de
po
si
ti
on
 i
m
pa
ct
s 
al
on
g 
St
 J
oh
n’
s 
B
ec
k.
 (
B
) 
D
et
ai
le
d 
ge
om
or
ph
ic
 m
ap
 s
ho
w
in
g 
an
 e
xa
m
pl
e 
re
ac
h 
(1
.7
-3
.6
 k
m
 d
ow
ns
tr
ea
m
 o
f 
T
hi
rl
m
er
e 
R
es
er
vo
ir
) 
w
it
h 
er
os
io
n 
an
d 
de
po
si
ti
on
 im
pa
ct
s.
  
 
Chapter 4 
94 
 
 
Figure 4.6. Total mass (t) of sediment eroded and deposited along St John’s Beck during Storm 
Desmond, plotted alongside the natural floodplain width and riverbed longitudinal profile.  
 
Tree debris was observed surrounding St John’s Beck following Storm Desmond. Tree 
debris did not cause a blockage around the access bridge to Low Bridge End Farm. 
However, tree debris was observed in the channel near cross section 10 (2.5 km 
downstream) (see Fig. 4.2b). The limited occurrence of woody debris in the channel 
inhibits the formation of log jams and only has local impacts on sedimentation. 
 
4.6.2  Estimates of bedload sediment transport rate  
The mean event bedload sediment transport rate for the 22 cross sections was 160 t ± a 
standard error of 60 t. Sediment transport rates fluctuate downstream with clear reaches 
of low and high sediment transfer (Fig. 4.7a).  For example, 1.5-2 km downstream of 
Thirlmere Reservoir high sediment transport rates during the event (range = 220-500 t) 
are estimated; these are attributed to a local increase in channel slope. The maximum 
estimated transport rate during the event was 1200 t at 2.5 km downstream of Thirlmere 
Reservoir where the channel widens and local slope increases (slope 0.01) downstream of 
a ford, near the access bridge to Low Bridge End Farm that was destroyed during the 
event (Fig. 4.2f). The sediment input into St John’s Beck during the event is estimated 
at 7 t (1 km downstream of Thirlmere Reservoir, cross section 1) and the sediment output 
(7.8 km downstream of Thirlmere reservoir, cross section 22), during the event is 
estimated as 370 t.  
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Zones of erosion and deposition along St John’s Beck have been identified by differencing 
sediment transport rates between the surveyed cross sections (Fig. 4.7b). A total of 10 
deposition and 11 erosion zones are defined. The zone of greatest erosion and deposition 
is located from 1.8 to 4 km downstream from Thirlmere Reservoir (Fig. 4.7b), which 
corresponds closely with field measurements of erosion and deposition during the event 
(Fig. 4.5). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.7. Bedload sediment transport estimates along St John’s Beck during Storm Desmond. 
(A) Storm Desmond event bedload sediment transport rates. Error bars plotted represent 
sensitivity to the maximum and minimum Manning’s ‘n’ values. (B) Zones of sediment erosion 
and deposition downstream, calculated as the difference between sediment transport rates between 
cross section survey locations. 
 
The mean daily bedload sediment transport rate (calculated as the mean transport rate 
from the 22 cross sections using the 1935–2015 discharge record), is 0.05 t day-1 with a 
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standard deviation of 0.09 t day-1.  The estimated annual bedload sediment input is 
estimated at 0.5 t yr-1 (at cross section 1) and the bedload sediment yield (at cross section 
22) is 38 t yr-1 for St John’s Beck long term discharge record.  The bedload sediment 
output during Storm Desmond (370 t) exceeds the annual value by a factor of 9. Table 
3 displays the bedload sediment transport estimates for the top five discharge events in 
the St John’s Beck 15 min interval flow record. The Storm Desmond event produced the 
highest bedload sediment transport rates in the flow record, nearly double the second 
highest flood event in 2009. 
 
Table 4.3. Bedload sediment transport estimates for the top five discharge events from the 15 min 
interval flow series data for St John’s Beck. The event bedload transport rates are calculated as 
the mean transport rate from the 22 cross sections, and the event sediment yield is calculated at 
cross section 22.  
 
 
4.6.3  Controlling factors that influenced geomorphic change across the reach  
4.6.3.1   Channel Confinement Index  
St John’s Beck displays different degrees of lateral confinement downstream (Fig. 4.8).  
The natural channel confinement pattern shows that the channel becomes gradually 
unconfined downstream (Fig. 4.8). For example, in the upstream reach (0 to 1.8 km 
   Event Bedload Sediment Transport 
Rate (t) 
Date of Event  Estimated 
Event Peak 
Discharge 
(m3 s-1) 
Event 
Rainfall 
Total 
(mm) 
 
Mean 
 
Std. 
Dev. 
 
Max 
Event 
Sediment 
Yield  
4/12/2015 - 
6/12/2015 
75.4 405.0 157 283 1229 370 
17/12/2009 - 
20/11/2009 
59.8 400.0 91 166 700 210 
7/01/2005 - 
8/01/2005 
47.7 180.0 30 55 188 70 
31/01/1995 - 
01/02/1995  
39.0 - 25 45 151 54 
21/12/1985 - 
22/12/1985 
36.6 - 21 41 142 32 
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downstream of Thirlmere Reservoir) the channel is topographically confined (confinement 
ratios range from 0.1 to 0.6) and from 4.4 to 8 km downstream the channel is 
topographically unconfined (confinement ratios range from 5 to 65). The channel has 
been artificially confined from 1.8 to 4.4 km downstream by flood protection levees, 
reinforced banks and walls that restrict lateral channel movement. The mean natural 
floodplain width has been reduced by 90 % due to the presence of artificial structures 
along the artificially confined reach 1.8 to 4.4 km downstream.  During Storm Desmond, 
many of the artificially-reinforced banks and flood protection levees were scoured or 
eroded increasing the active channel width and allowing channel-floodplain interactions 
(Fig. 4.8).  After Storm Desmond the mean confinement ratio increased from 0.95 to 17 
along the artificially confined reach (1.8 to 4.4 km downstream), indicating the system 
reverted to a natural floodplain-channel width relationship (Fig. 4.8).  
 
 
Figure 4.8. Natural, artificial and post Storm Desmond lateral channel confinement ratios along 
St John’s Beck. Hollow circles indicate the natural system if the channel was not artificially 
confined. The dashed box indicates the area where significant sediment erosion and deposition 
was observed during Storm Desmond. Continuous line indicates the confined and unconfined 
threshold. 
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4.6.3.2  Shear stress and stream power 
Shear stress and stream power are used to understand the energy expenditure for erosion 
and sediment entrainment during the event (Fig. 4.9). The shear stress values estimated 
for Storm Desmond are shown in Fig. 4.9a. The shear stress values estimated should be 
regarded as minimum values because they assume shear stress is the same on the channel 
and floodplain and the equations assume steady uniform flow, which was unlikely during 
the event. The mean shear stress value is 149 N m2 with a standard deviation of 78 N m2. 
The peak shear stress value (426 N m2) was estimated 2.7 km downstream of Thirlmere 
Reservoir; near where the access bridge was destroyed and mass overbank coarse sediment 
deposition occurred. The minimum shear stress values are estimated 1.1 to 1.3 km 
downstream (30-60 N m2) where local slope is 0.001. The mean shear stress value exceeded 
the mean critical entrainment thresholds for particle D50 (48 ± a standard deviation of 
14 N m2) and D90 (124 ± a standard deviation of 30 N m
2) (Fig. 4.9a), suggesting full 
mobility of the GSD during the event. The mean shear stress value estimated using the 
2017 survey data (62 N m2 with a standard deviation of 40 N m2) does not exceed the 
threshold for mean particle D90 (114 N m
2) entrainment and only exceeds 60 % of the 
cross section particle D50 entrainment threshold during bankfull flow conditions.  
 
The unit stream power values estimated along St John’s Beck using the peak Storm 
Desmond discharge value range from 25 to 354 W m -2, with a mean of 230 W m-2 and a 
standard deviation of 132 W m-2 (Fig. 4.9b).  The values are within the range of stream 
power values documented for those causing erosion during flood events and sediment 
transport (Baker and Costa, 1987; Magilligan, 1992; Fuller, 2008; Marchi et al., 2016). A 
value of 300 W m-2 is commonly referred to as a threshold for producing floodplain erosion 
(Baker and Costa, 1987; Magilligan, 1992; Fuller, 2008).  Significant erosion and scour 
was observed 2.5 km downstream where an access bridge was destroyed and where stream 
power was estimated at 420 W m-2. The mean unit stream power estimate (230 W m-2) 
exceeds the critical unit stream power value for particle D50 (13 W m
-2) and D90 
(54 W m-2) entrainment, suggesting mobilisation of the coarsest grains. The mean unit 
stream power, estimated using the 2017 data and mean daily discharge, is 0.26 W m 2 ± 
a standard deviation of 0.12 W m-2; this value does not exceed the critical stream power 
threshold for channel bed particle D50 and D90 entrainment. 
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Figure 4.9. Variations in reach averaged shear stress (A) and stream power (B) estimated at the 
cross section sites for Storm Desmond along St John’s Beck.  
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Figure 4.10. Changes in St John’s Beck channel long profile, bankfull capacity and grain size 
between the 2016 and 2017 surveys. (A) Change in bed elevation (long profile), labelled with cross 
section and first order tributary locations. (B) Change in channel bankfull cross section area. (C) 
Percentage change in channel bed D50 and D90 grain size. 
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4.6.4  Channel resurvey in 2017 
Resurveys of St John’s Beck longitudinal profile, cross section profiles and grain size in 
2017 provide an indication of how the system was recovering 1.5 year after the extreme 
flood event (Fig. 4.10). There were no significant changes in the mean channel bed slope 
between the 2016 and 2017 survey, however, there were local changes where there is an 
increase or decrease in bed elevation height (Fig. 4.10a).  Local changes in channel bed 
elevation result in changes in bankfull channel capacity (Fig. 4.10b). For example, at a 
distance of 1 to 2.4 km from Thirlmere Reservoir there is a general increase in bed 
elevation suggesting the deposition of sediment; a pattern further evidenced by a decrease 
in channel capacity. Overall a decrease in bankfull channel cross-sectional area was 
observed (at 15 cross sections) 1.5 year after Storm Desmond.  Thirteen of these cross-
sections are located 1 to 2.7 km downstream from Thirlmere Reservoir (Fig. 4.10b).  The 
largest change and reduction in channel capacity (2.7 km downstream of Thirlmere 
Reservoir, cross section 11) was 32.8 ± 0.03 m2 caused by the rebuilding of flood 
protection levees that reduced channel width to its pre-Storm Desmond size.  A total of 
seven cross-sections displayed either no change or an increase in cross-sectional area and 
channel capacity. Cross section 9, 2.4 km downstream from Thirlmere Reservoir, showed 
an increase in channel capacity associated with anthropogenic removal of sediment from 
the channel bed after the flood event.  The percentage change in grain size between the 
2016 and 2017 surveys illustrated a general coarsening of bed D50 and fining of D90 
downstream post Storm Desmond (Fig. 4.10c).   
 
4.7  Discussion  
4.7.1  Geomorphic impacts of the extreme flood event along the upland sediment 
cascade  
The 2015 Storm Desmond event constitutes the largest recorded event in the available 
long-term flow and rainfall records for the St John’s Beck catchment (Fig. 4.4). The 
results presented here illustrate the geomorphic work of the flood in terms of sediment 
erosion and storage along the upper floodplain transfer zone of the USC. The main 
impacts were associated with erosion of river channel banks and floodplain scour allied 
with extensive sediment deposition on the floodplains. The summary sediment budget 
(Fig. 4.11) shows erosion (6500 ± 710 t) was generally balanced by deposition (6300 ± 
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570 t) along the upper floodplain zone. Less than 6% of the total sediment eroded during 
the event was transferred out of the reach. Hence, the upper floodplain zone acted as a 
significant sink for locally-eroded sediment during the extreme event. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.11. Storm Desmond (2015) upper floodplain valley system (transfer zone) mass sediment 
budget (t) for St John’s Beck (effective catchment area 12 km2). 
 
The geomorphic impacts of Storm Desmond were influenced by the physical 
characteristics of the upper floodplain transfer zone. Unlike steep headwater catchments 
dominated by slope-channel linkages and hillslope processes (Harvey, 2001), geomorphic 
impacts of the event along St John’s Beck were controlled by floodplain-channel 
interactions. Tributaries were only a minor source of sediment as these were disconnected 
from the channel by sediment traps and therefore are not reported in the sediment budget 
in Figure 4.11. Sediment was sourced from transient stores, (i.e., channel bars) and 
through erosion of the channel bed and banks and stored in channel bars and on the 
surrounding floodplains (Fig. 4.6).  
 
Valley confinement (natural and artificial) controlled the spatial positioning of erosional 
and depositional storm impacts along St John’s Beck (Fig. 4.8). In the upstream reaches 
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(0 to 1.8 km downstream) the channel was confined by the natural valley topography 
and geomorphic impacts were comprised of local erosion or sediment bar deposition. 
Where the natural floodplain valley width increases from 3 to 160 m (1.8 km downstream) 
and there is an associated decrease in channel slope, rapid floodplain sediment deposition 
occurred (Fig. 4.6).  In contrast, artificially confined reaches (2.7 to 3.6 km downstream) 
were associated with bank erosion or scour due to local increases in channel bed slope.  
Major riverbank erosion was observed along an artificially confined reach 2.7 km 
downstream of Thirlmere Reservoir; here riverbanks were eroded until the channel 
became unconfined (Fig. 4.8) with extensive floodplain sedimentation.  Similar effects 
have been observed by Magilligan (1985), Nanson (1986), Butler and Malanson (1993), 
Lecce (1997), Fuller (2007, 2008), who all identified a concentration of erosion on 
constricted reaches. The transition between confined and unconfined reaches therefore 
plays an important role in controlling the spatial pattern of erosion and deposition 
impacts of these events.  
 
4.7.2 Sediment continuity through the upland sediment cascade 
The sediment continuity concept focuses on the principle of mass conservation of 
sediment within a system (Slaymaker, 2003; Hinderer, 2012). The USC has been described 
as a ‘jerky conveyor belt’, where sediment can spend a longer time in storage than in 
transfer (Ferguson, 1981; Walling, 1983; Newson, 1997; Otto et al., 2009). This study has 
highlighted that sediment continuity is disrupted or ‘discontinuous’ at the event scale 
due to storage. Less than 6 % of sediment eroded during Storm Desmond was transported 
out of St John’s Beck (Fig. 4.11). Elsewhere, sediment budget studies have shown similar 
inefficiencies in sediment transfer, often referring to this as the ‘sediment delivery 
problem’ (Trimble, 1983; Walling, 1983; Phillips, 1991; McLean et al., 1999; Fryirs, 2013). 
For example, in the Coon Creek Basin, USA, less than 7% of sediment left the basin 
between 1853 and 1977 (Trimble, 1983). In the River Coquet, UK, annual sediment 
budget within-reach sediment transfer was identified but there was minimal net export 
of sediment downstream (Fuller et al., 2002). In three UK upland catchments, Warburton 
(2010) demonstrated sediment transfer is inefficient in the production zone by comparing 
sediment budgets on an annual, landslide event and flood event timescale.  Despite 
variations in catchment area and the timescale of enquiry, these examples demonstrate 
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there is attenuation of sediment downstream due to storage. This study highlights the 
importance of the floodplain as a major source and store of sediment at the event scale 
causing sediment attenuation downstream.  
 
The Storm Desmond event sediment yields were higher than estimated sediment yields 
for previous flood events along St John’s Beck (Table 4.3), indicating the event was 
significant in generating and transporting large quantities of sediment downstream. The 
estimated mean shear stress and unit stream power values for Storm Desmond exceeded 
the thresholds for particle entrainment, indicating sediment on the channel bed was 
mobilised and transported during the event (Fig. 4.9). Despite this, the event sediment 
yield is lower than the total quantity of sediment eroded. Sediment transfer during 
extreme events, where overbank flows are produced, is reduced on the floodplains 
(because of variations in roughness, slope, local topography) compared to the channel, 
resulting in sediment deposition (Trimble, 1983; Moore and Newson, 1986). 
Consequently, sediment continuity through the upper floodplain transfer zone during 
extreme events will ultimately be controlled by the conveyance of sediment across 
floodplains, and the propensity for sediment deposition during overbank flows.  Future 
flood events may promote exchanges in sediment stores and movement of sediment 
downstream in pulses or waves, thereby influencing sediment yield (Nicholas et al., 1995). 
However, if a future similar magnitude event were to occur along St John’s Beck, it is 
likely that the reach sediment output would again be lower than the total sediment 
eroded along the river corridor due to deposition on the floodplains.  
 
Previous studies have described the potential linkages between sources and stores of 
sediment in terms of connectivity or disconnectivity (Hooke, 2003; Fryirs, 2013; Bracken 
et al., 2015). However, few of these studies have quantified the mass exchange of sediment 
between different landscape units during flood events (Thompson et al., 2016) and 
assessed their impact on sediment yield. This study is among the first to effectively 
quantify sediment attenuation in the upper floodplain zone of the USC during an extreme 
event. 
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4.7.3  System recovery 
Fluvial systems can take decades (Wolman and Gerson, 1978; Sloan et al., 2001) to 
millennia (Lancaster and Casebeer, 2007) to recover from extreme events, with some 
systems never fully recovering to the pre-flood condition. The channel re-survey one year 
after Storm Desmond showed that 70 % of cross sections had a reduced channel capacity 
reflecting sediment aggradation in the channel (Fig. 4.10). A reconnaissance survey prior 
to Storm Desmond identified distinct reaches of sediment aggradation in the system (in 
particular, 2 to 2.5 km downstream of Thirlmere Reservoir), suggesting the river is 
displaying characteristics similar to the pre-flood system. Long term flow regulation and 
upstream sediment trapping by Thirlmere Reservoir has influenced sediment continuity, 
implying that the sediment regime is already disturbed by the legacy of anthropogenic 
modification (Wohl, 2015). Phillips (1991) states that stores of sediment may develop in 
fluvial systems so the system can maintain sediment yields when sediment from upstream 
is reduced. The critical shear stress and critical stream power entrainment thresholds for 
channel bed particle D90 estimated using the 2017 survey data were not exceeded during 
daily flows after storm Desmond indicting coarse sediment immobility. It is likely that 
the finer material was transported in 2017 and deposited downstream in aggradational 
zones where channel dimensions change (i.e., reduction in slope, width and depth), 
resulting in further aggradation downstream and apparent coarsening in reaches where 
the fine sediment was partially mobilised. Therefore, local aggradation observed could be 
a response to long-term system disturbance and transport-limited flows. 
 
The most significant changes observed along St John’s Beck one year after the flood were 
associated with anthropogenic modifications to the system through the rebuilding of flood 
protection levees, reinforced river banks and removal of sediment from the channel bed 
and floodplains (2 to 4 km downstream); these modifications took place after the 2016 
field campaign. Distal floodplain deposits were located 70 m from the channel and 
therefore can only be remobilised during overbank flows with similar peak discharges 
where the critical entrainment thresholds are exceeded. Consequently, system recovery 
and sediment transfer depends on the conveyance capacity of the valley floodplains in 
addition to the stream channel capacity (Trimble, 2010). If sediment was not 
anthropogenically removed from the floodplains, it would have a long residence time in 
this store and only be remobilised during overbank extreme flows at least as powerful as 
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Storm Desmond. Flood levees were rebuilt 2.7 km downstream to the pre-flood position, 
it is likely that if these levees were not restored the river would permanently occupy the 
post-Storm Desmond position; a natural ‘re-wilding’ process (Fryirs and Brierley, 2016).  
 
Review of available historic maps and air photographs of St John’s Beck over the last 
150 years (1860s – 2010), indicated that there has been relative 2D lateral planform 
stability despite the occurrence of high magnitude flood events (Table 4.1). This is 
because during extreme events, such as Storm Desmond, there is relative sediment 
continuity due to floodplain storage, and evidence of flood events is often quickly cleared.  
4.8  Chapter conclusions 
This Chapter has quantified the planform adjustment response of an upper floodplain 
river system (transfer zone) to an extreme high magnitude flood event: Storm Desmond, 
2015. Based on these results, the primary conclusions of this work are:  
 
1. Sediment continuity through the upper floodplain transfer zone was highly 
disrupted during Storm Desmond, with less than 6 % of the eroded sediment 
being transported out of the system.  
2. Floodplains acted as a major sink of coarse sediment during the flood, storing 
72 % of the eroded sediment, although these floodplains can also be a source of 
sediment through scouring and erosion processes.  
3. Spatial patterns of erosion and deposition were controlled by valley confinement; 
where the channel is naturally unconfined overbank floodplain deposits were 
prominent, in contrast, in artificially-confined reaches, bank erosion and scour 
were dominant geomorphic impacts.  
4. The event exceeded critical entrainment thresholds for channel bed particle D50 
and D90 transporting sediment that had aggraded in the channel. Critical 
entrainment thresholds were not exceeded during daily flows for all particle sizes 
along St John’s Beck in the 2017 survey.    
5. Channel capacity decreased 1.5 year after the event and channel bed grain size 
had coarsened due to aggradation in the channel.   
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This Chapter has quantified the importance of the upper floodplain valley transfer zone 
in regulating sediment output during extreme flood events. The results suggest that 
rather than envisioning upper floodplain zones as effective transfer reaches they are 
actually major sediment storage zones that capture flood sediments and disrupt sediment 
continuity downstream. The intervening valley floodplain geomorphology (confinement, 
slope) plays a major role in influencing the spatial location of erosion and deposition 
impacts.  This Chapter has highlighted the importance of the extreme flood event in 
influencing sediment continuity and planform adjustment at the reach scale. However, a 
key question remains: are extreme events the main driver of planform adjustment at the 
regional scale over the past 150 years?  
 
Chapter 5 and 6 will explore sediment continuity by investigating lateral 2D planform 
adjustments across 17 catchments in the Lake District upland study region over 150 
years. The 2D approach means vertical changes in river channel adjustment are not 
captured and a full 3D analysis of morphological change is not possible (see Chapter 4). 
Nevertheless, a 2D approach has the important advantage that a wider spatial (full 
catchment), and longer historical assessment (150 years) of sediment continuity can be 
captured. 
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A catchment scale assessment of the 
patterns and controls of historic 2D river 
planform adjustment  
 
 
 
Published paper: 
Joyce, H.M., Warburton, J., Hardy, R.J., (2020). A catchment scale assessment of 
patterns and controls of historic 2D river planform adjustment. Geomorphology 
https://doi.org/10.1016/j.geomorph.2020.107046 
 
5.1  Chapter summary 
The supply, transfer and deposition of sediment from channel headwaters to lowland 
sinks, is a fundamental process governing upland catchment geomorphology, and can 
begin to be understood by quantifying 2D river planform adjustments over time. This 
chapter develops a catchment scale methodology to quantify historic patterns of 2D 
channel planform adjustment and considers geomorphic controls on 2D river stability. 
The methodology is applied to 18 rivers (total length = 24 km) in the upland headwaters 
of the previously glaciated Wasdale catchment (45 km2), in the Lake District study 
region. Planform adjustments were mapped from historic maps and air photographs over 
six contiguous time windows covering the last 150 years. A total of 1048 adjustment and 
stable reaches were mapped. Over the full period of analysis (1860 – 2010) 32% (8 km) 
of the channels studied were adjusting. Contrasts were identified between the geomorphic 
characteristics (slope, catchment area, unit specific stream power, channel width and 
valley bottom width) of adjusting and stable reaches. The majority of adjustments 
mapped were observed in third and fourth order channels in the floodplain valley transfer 
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zone, where the channels were laterally unconfined (mean valley bottom widths of 230 ± 
180 m), with low sediment continuity. In contrast, lower order channels were typically 
confined (mean valley bottom widths of 31 ± 43 m) and showed relative 2D lateral 
stability. Hence, valley bottom width was found to be important in determining the 
available space for rivers to adjust. Over the full period of analysis 38% of planform 
adjustments involved combined processes, for example, as bar and bend adjustments. 
The study demonstrates the importance of stream network hierarchy in determining 
spatial patterns of historic planform adjustments at the catchment scale. The 
methodology developed provides a quantitative assessment that can be applied to 
multiple catchments in a region (Chapter 6). 
 
5.2  Introduction  
To understand the spatial and temporal pattern of planform adjustments and sediment 
continuity it is important to quantify the types of planform adjustments and variables 
controlling planform stability, spatially and temporally (Martínez-Fernández et al., 
2019). Two-dimensional planform adjustments can be readily identified from historic 
maps and air photographs over the last century (the period of measurable change) when 
such resources are available. This provides a suitable time span to understand planform 
adjustments in response to recent changes in climate and land use (Schumm and Lichty, 
1965; Hooke and Redmond, 1989b; Winterbottom, 2000; Higgitt et al., 2001). However, 
there is no consistent quantitative methodology that applies a catchment wide assessment 
of the temporal patterns of planform adjustment from channel headwaters to lowland 
sediment sinks (Bizzi et al., 2019).  
 
This Chapter presents a catchment-wide methodology to quantitatively assess the 
patterns and geomorphic variables of historic 2D river planform adjustments within a 
sediment continuity framework. The specific objectives of the methodology are: (i) to 
quantify the spatial pattern of channel planform adjustment over the era of measurable 
change (last 150 years), (ii) quantify the geomorphic variables forcing channel planform 
adjustments, and (iii) use data from (i) and (ii) to understand spatial and temporal 
patterns of channel planform adjustments at the catchment scale. The method is applied 
and tested in the Wasdale catchment in the Lake District study region (Chapter 3). This 
catchment is selected because it exhibits a rich variety of fluvial forms including: bedrock, 
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confined, unconfined wandering and braided channels (Harvey, 1997), and has available 
historic maps and air photographs covering the last c. 150 years.  
 
5.3  Methodology  
The methodology proposed here quantifies 2D historic channel planform dynamics in 
upland catchments. The method is structured on Strahler’s (1952; 1957) stream order to 
reflect the natural scaling of geomorphic variables: catchment area, channel width, length, 
slope, stream power and valley bottom width (Leopold and Miller, 1956; Strahler, 1957; 
Miller et al., 2003; Hughes et al., 2011). The approach is applied at the catchment scale 
and comparisons are made between stream orders in a similar regional setting. The 
method uses commonly available datasets, including: digital terrain models (DTM), air 
photos, historic topographic maps, bedrock and superficial geology data, which are 
analysed in a Geographical Information System (GIS) package (Fig. 5.1). These data 
requirements allow 2D patterns of river planform adjustment to be identified, and 1D 
and 2D catchment geomorphic variables to be extracted.  The workflow is summarised 
in Fig. 5.1 and involves three main parts:   
 
Part 1. Pre-processing: 
a) Assembly and geo-referencing of available data (DTM, historic maps, 
air photographs, geology data). 
b) Identification of catchment, delineation of the channel network, 
stream order network and the rivers to be studied.  
Part 2. Characterisation of fluvial system and assessment of planform evolution:  
a) Identification, extraction and calculation of at-a-point geomorphic 
characteristics including: channel slope, valley bottom width, channel 
width, stream power, catchment area, bedrock and superficial geology.  
b) Identification and classification of channel planform adjustment types 
and stable reaches over time. 
Part 3. Analysis: linking planform adjustments to at-a-point geomorphic characteristics 
to understand the controls influencing the spatial and temporal pattern of planform 
adjustment.  
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Figure 5.1. Data requirements and GIS workflow for identifying and analysing planform 
adjustments, stable reaches and geomorphic variables. Part 1 involves manipulation of the DTM 
using GIS hydrology tools to identify the rivers and catchment typology. Part 2 involves 
identifying planform adjustments and extracting at-a-point channel and catchment geomorphic 
variables. Part 3 involves linking parts 2A and 2B together. Part 2B and 3 are repeated for the 
different time periods of available historic maps and air photographs.   
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5.3.1  Part 1: Pre-processing - assembly of data and identification of spatial scales  
The methodology takes a top-down perspective working down the sediment cascade from 
upland channel headwaters to a point where the river channel enters either a major 
lowland valley waterbody (lake) or, if no water body is present, an endpoint is defined 
at a point in the lowland valley. In UK upland regions, the lowland valley is commonly 
defined where the river channel network is no longer surrounded by hillslopes above 
300 m elevation (Atherden, 1992).  
 
The catchment, river channel network and Strahler (1952, 1957) stream order are first 
defined using a high-resolution DTM and automated flow delineation tools in GIS. The 
stream order network provides a stratified framework in which the spatial location, length 
and type of planform adjustments observed between the temporal data (historic maps/air 
photographs) are mapped (Part 2B).  
 
The time interval and frequency over which 2D planform adjustments can be identified 
depends on the availability of data. In the UK, studies of channel planform adjustments 
can, in some cases, be identified from sources dating from the sixteenth century to present 
(Lewin, 1987; Macklin and Lewin, 1989; Petts et al., 1989; Macklin et al., 1992; 
Downward et al., 1994; Milton et al., 1995; Winterbottom, 2000), (Table 5.1). Early 
sources (1600-1840s) (e.g., estate maps, deposited plans, enclosure and tithe maps) have 
limited spatial coverage and accuracy, therefore they are not always suitable for assessing 
river planform adjustments at the catchment scale (Ferguson, 1977). The earliest maps 
with full continuous spatial coverage suitable for identifying planform adjustments at the 
catchment scale across England and Wales are the Ordnance Survey (OS) County Series 
maps (after 1840s) at a scale of 1:10,560 (Harley, 1975; Downward et al., 1994). 
Subsequent National Grid series and National Grid imperial and metric map editions 
(scale range 1:10,560 - 1:10,000), produced from large scale air photographs, provide a 
full coverage of England and Wales from the 1940s – 1990s (Table 5.1). Catchment and 
regional scale air photographs provide a recent (1940s - present) view of channel planform 
at a high resolution (i.e., 0.25 m) (Werritty and Ferguson, 1980; Petts et al., 1989). Air 
photographs and historic maps are geo-referenced in GIS for planimetric accuracy, 
following previous recommendations, using >8 hard-edged ground control points (GCPs) 
and a second order polynomial transformation (Hughes et al., 2006; Donovan et al., 2015; 
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Donovan et al., 2019). Although scale differences and geo-referencing errors will exist 
between historic maps and air photographs, the datasets provide a valuable record of 
catchment scale 2D planform over a period of measurable change of approximately the 
last 150 years.  
 
Table 5.1. Details of historical maps and air photographs available for the UK (modified from 
Hooke and Redmond, 1989b).   
 
 
5.3.2  Part 2: Characterisation of fluvial system and assessment of planform change 
Channel planform adjustments and geomorphic variables are measured in two parts. Part 
2A involves extracting geomorphic channel and catchment variables at station points 
(SP) located along the river channel network. SPs are located at intervals scaled 
according to the stream order to reflect the natural scaling of channel width, valley 
bottom width, bar size, channel length and catchment area downstream (Leopold and 
Maddock, 1953; Strahler, 1957; Miller et al., 2003; Hughes et al., 2011).  The SP spacing 
interval is shorter for low stream orders, compared to high stream orders to account for 
the differences in channel size across a catchment. This approach differs to previous 
studies that have averaged river variables over length, or extracted geomorphic variables 
at a fixed spacing interval and applied this to the entire channel network (Fryirs et al., 
2009; Lisenby and Fryirs, 2016) (Figure 2a). A fixed interval spacing can result in an 
Date Map Source Scale Coverage of UK Reference
Late 16th Century, 
majority <1700
Estate Usually 1:2376 Over 20,000 available for 
consultation in England
Harley (1972)
18th and 19th Century Enclosure Variable in England and Wales Tate (1978)
1840s Tithe Usually 1:2376 or 
1:4752
3/4 of England and Wales Kain and Prince 
(1985) 
Post 1794 Deposited plans Min. scale 1:15,840 
after 1807
Britain Harley (1972)
18th and 19th Century County 1:63,360; 1:31,689 England and Wales Skelton (1970); 
Rodger (1972) 
1747 - 1755 Military Survey of Scotland (Roy) 1:36,000 Scotland Moir (1973)
1795 - 1755 Ordnance Survey Old series 1st 
ed. 
1:63,360 England and Wales Harley (1965) 
1840 - 1926 Ordnance Survey New Series 2nd 
– 4th ed.
1:63,360 England and Wales Harley (1965) 
 1854 - 1949 County Series 1st ed. – 3rd
revision
1:2,500; 1:10,560 England and Wales  Harley (1965) 
 1943 - 1992 National Grid Series  Edition A - E 1:1,250, 1:2,500 England and Wales Harley (1975) 
1948 - 1982 National Grid Imperial 1st Edition. 
(1st – 3rd Revision)
1:10 560 England and Wales 
 1969 - 1996 National Grid 1:10,000 series, 
fully metric, 1st edition
1:10,000 England and Wales
1958 - 1996 National Grid 1:10,000 metric and 
1:10,560 imperial latest editions
1:10,560 and 1:10,000 UK
 1960s - present Air photographs 1:250 - 1:200,000 High – covers England and 
Wales – composite of images
 sources of data used in the Wasdale case study
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unrepresentative sample where short, low stream order channels have only one SP to 
extract geomorphic variables, compared to longer higher stream order channels (Fig. 5.2).  
 
The stream order channel network is transferred into an acyclic graph (river graph) 
(Heckmann et al., 2015; Schmitt et al., 2016), which represents the network topology 
with a series of nodes (Fig. 5.2). Nodes are located at the start and end (tributary 
junction, or waterbody) of each channel (Fig. 5.2). For each stream order, the first SP is 
located at the start node of the river. A point is then located at a user-defined distance 
(SP interval) downstream from the first point (e.g. 100 m); the next point is located at 
the stream order SP interval distance downstream from the last point and the pattern 
continues downstream. Where the distance from one SP to the last SP is less than the 
point spacing sampling increment, the measurement point is selected on the channel of 
interest upstream (i.e. of a junction or lake) where there are no significant lake or 
tributary backwater effects (Richards, 1982; Hey, 1979).  
 
To select an appropriate SP interval, different spacing intervals can be tested. Assuming 
a minimum of two SPs on the shortest channel, a low-resolution SP spacing interval will 
have a long spacing interval (for example, 400 m for second order channels, 1000 m for 
fifth order channels). In contrast, a high-resolution SP interval will have a short spacing 
interval (for example, 100 m for second order channels, 400 m for fifth order channels). 
Geomorphic characteristics can be extracted from the different SP intervals at different 
resolutions and analysis of covariance, ANOCOVA (Zar, 2010) can be used to identify 
statistical differences between the geomorphic variables of the different SP interval 
resolutions. If no statistical differences are present, the lowest resolution SP interval can 
be used to represent system geomorphic characteristics. Station point interval spacing 
could also be based on hydraulic geometry laws (e.g. a function of channel width (Leopold 
and Miller 1956), or based on variability in grain size or sediment flux (Schmitt et al., 
2016; Tangi et al., 2019). For example, the CASCADE modelling framework (Schmitt et 
al., 2016; Tangi et al., 2019) converts the river network into a series of reaches and nodes 
(river graph), which is expanded to represent attributes such as grain size or sediment 
flux to each reach (between two nodes). Each reach is then assigned a transport capacity 
to identify sediment flux and sinks of sediment. This research characterises observed 
patterns and types of adjustment, as a result a modelling approach was not adopted. 
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Figure 5.2. Schematic of stream order channel start and end nodes and station point spacing 
intervals.  A) Example of ‘fixed interval approach’, a fixed station point interval distance often 
used on high order channels, applied to each stream order. This approach results in low order 
channels having 1 SP at the start node of the channel network (first and second order channels).  
B) Example of SP intervals adjusted for each channel stream order and diagram of how 
geomorphic variables (vw = valley bottom width, cw = channel width, S = slope) are extracted 
in the methodology developed in this Chapter. C) Diagram showing how SP variables are related 
to planform adjustments. Continuous lines represent stable reaches (a, c), dashed lines indicate 
planform adjustments (b). Red dots indicate the station points and the number indicates the 
station point ID.  
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At each SP, the channel and catchment geomorphic variables (Table 5.2), are extracted 
and compiled into an attribute table (Fig. 5.1). These variables provide insight into reach 
and catchment scale morphology and sediment morphodynamics and can be directly 
extracted from the DTM or historic maps and air photographs (Martínez-Fernández et 
al., 2019; Bizzi et al., 2019). The key variables are defined as follows: 
 
Channel length (m) is measured from the start of the stream order or junction node to 
the corresponding downstream end or junction node and represents the total channel 
length of the stream in that order (Fig. 5.2b). Local channel slope (-) is calculated at 
each SP. Elevation values are extracted from the DTM at intervals upstream and 
downstream of the SP that scale with each stream order (e.g., (stream order number – 
1)*100)) to account for the variability in channel scale between the stream orders. Local 
valley bottom width (m) is measured at each SP, perpendicular to the channel banks and 
identified by breaks in slope along the distal edges of floodplains and terraces from a 
slope map created from the DTM in GIS (Snyder and Kammer, 2008; Fryirs and Brierley 
2010). It defines the potential extent to which a channel can freely migrate laterally 
across the floodplain and therefore can define confined and unconfined channels (O'Brien 
et al., 2019).  Channel width (m) is defined as the active channel width including bars 
and is measured at each SP perpendicularly from bank to bank (Wishart, 2004). Bedrock 
and superficial geology are categorical variables and are assigned locally to the observed 
river planform adjustments and stable reaches in part 3 of the method. Local catchment 
area (km2) is defined as the upstream contributing area of a SP based on the surface 
topography from the DTM (Fig. 5.2b).  
 
Based on the measured geomorphic variables secondary data can be calculated. For 
example, local catchment area is used to estimate discharge using a discharge-area power 
relationship (Knighton, 1999):  
 ! = 	$	 ∙ 	&'                               (1) 
 
where, A is the catchment area (km2), and $ and ( are empirical coefficients derived from 
a power function fitted to area-discharge data. Many headwater catchments are 
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ungauged, however discharge data from multiple gauging stations in a study region can 
be used to generate a regional catchment area-discharge relationship. For each gauging 
station within the study area flow return periods are calculated and plotted against their 
respective catchment areas to calculate regional a and b coefficients.  
 
Unit specific stream power (W m-2) indicates river energy expenditure and the potential 
for sediment transfer and channel planform adjustment (Bagnold, 1966; Baker and Costa, 
1987; Thompson and Croke, 2013; Marchi et al., 2016; Martínez-Fernández et al., 2019). 
Specific stream power is calculated using channel width and an area-discharge 
relationship (Eq. 1) for a region or catchment (Bagnold, 1966; Baker and Costa, 1987):  
 
ω =  		)*+,-                      (2) 
 
where ω is the unit stream power (W m-2), ρ is the density of water (kg m−3), g is the 
acceleration of gravity (m s−2),	! is the discharge (m3 s-1), S is channel bed slope (-) and . is the channel width (m). Here, a return interval of 2 years is used for ! and ω 
calculations, which reflects the discharge that approximates bankfull conditions (Leopold 
and Wolman, 1957; Dury, 1961; Hey, 1975) and the potential for geomorphic work 
(Lisenby and Fryirs, 2016; Marchi et al., 2016). 
 
Flood events prior to instrumental records can be identified from the analysis of historical 
documents (newspapers, reports etc.). In the UK, the Chronology of British Hydrological 
Events (www.cbhe.hydrology.org.uk) provides a database of historical precipitation and 
flood events before 1937 (Black and Law, 2004). Using historic and gauged flow data the 
cumulative number of flood events, following methodology of Pattison and Lane (2012), 
can be used to identify flood-rich and flood-poor periods and link to the timing and 
frequency of historic river planform adjustments. 
 
Part 2B identifies the type of 2D planform adjustment along the river network over a 
given time interval. The type of adjustment (Fig. 5.3) is mapped as a polyline feature 
from the start to the end of the adjustment so that its location can be related to SP 
geomorphic variables and the length of the planform adjustment quantified. Reaches with 
no observed 2D planform adjustment are mapped as 2D stable indicating a balance of 
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sediment input and output. However, it is important to note that these rivers might be 
adjusting vertically, which cannot be quantified in 2D analyses of historic maps and air 
photographs. 
 
Table 5.2. Example of 1D and 2D geomorphic variables that can be extracted from historic maps, 
air photographs, geology maps and DTMs at different spatial scales, and the key processes they 
indicate (modified from Gurnell et al., 2015). 
 
Spatial Unit Key Process  Data Variable 
Region Water balance 
Sediment production  
Topographic conditioning (i.e. 
presence of mountains, 
lakes)  
 
Climate data (precipitation (mm), discharge 
(m3 s-1) 
Geology 
Topography derived from DTM 
Catchment Runoff production / retention 
Sediment production 
Topographic conditioning (i.e. 
presence of mountains, 
lakes)  
 
Climate data (precipitation (mm), discharge 
(m3 s-1) 
Geology  
Topography derived from DTM 
 
River  Channel network structure 
Flow & sediment regime 
(supply, transfer and 
deposition) 
 
Stream order and channel dimensions: 
catchment area (km2), Length (km), river 
channel slope (-) 
Discharge (m3 s-1), geology 
 
Reach Planform adjustments 
(sediment regime) 
 
2D Planform adjustments identified from 
historical datasets  
Local slope (-), discharge (m3 s-1), channel 
width (m), unit (specific) stream power  
(W m-2) 
 
Geomorphic 
Unit 
Sediment regime  2D adjustments to channel bars (i.e. bar 
area reduction, reorganisation or accretion) 
identified from historical data sets 
 
 
Figure 5.3 demonstrates the types of channel planform adjustments identified in alluvial 
rivers (Hooke, 1977; Schumm, 1985; Fryirs et al., 2009; Lisenby and Fryirs, 2016). 
Planform adjustments are divided into four categories based on the characteristic scale 
of each adjustment.  The four categories are not mutually exclusive and some adjustments 
may occur in combination, for example, bend adjustments are associated with the erosion 
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of the outer riverbank and subsequent sediment deposition on the inside bend forming 
channel bars (Hickin, 1978; Richards, 1982).  
Boundary adjustments are associated with an alteration to the channel planform where 
the channel: avulses across the floodplain, generating a new, secondary or multiple flow 
paths (Allen, 1965; Nanson and Knighton,1996; Slingerland and Smith, 2004), switches 
from multiple flow paths to a single flow path (Passmore et al., 1993), or is shortened via 
cut offs causing channel straightening/realignment. Boundary adjustments can take place 
at the reach scale (i.e., cut off), or affect the entire channel length (i.e., avulsion) 
(Slingerland and Smith, 2004). They typically occur over a short time period (<1 yr), 
often during a flood event (Jones and Schumm, 1999), although they can also be 
progressive, occurring in response to continued erosion and deposition of sediment 
(Stouthamer and Berendsen, 2001).  
 
In contrast, channel width adjustments affect shorter lengths of river channel. Here, 
width adjustments are defined where there is a major change (>50%) in the channel 
width to avoid misrepresentation of minor width adjustments caused by image scale-
related effects. Bend adjustments can occur via extension, expansion, translation 
enlargement, rotation or complex change (Hooke, 1977; Fryirs et al., 2009) (Fig. 5.3). 
Bend and width adjustments can be progressive adjustments or occur in response to a 
flood event. The development of bars in the channel can cause width, bend or boundary 
adjustments or can be a response to these adjustments (Fig. 5.3) (Leopold and Wolman, 
1957).  The pattern and rate of bar adjustments can be a useful indicator of the stability 
of river channels (Church and Jones, 1982). Bar adjustments can occur over short 
temporal scales, in response to an event (i.e., flood, valley landslide) or be present in the 
channel for ~100 year (Jackson, 1975; Church and Rice, 2009). Bar adjustments are 
considered to be more stable forms of adjustment inherent within the system when they 
occur singularly (e.g., not in combination with another adjustment), compared to 
boundary or major width adjustments that involve a change to the position and 2D form 
of the channel on the valley floor (Brierley and Fryirs, 2005b; Fryirs and Brierley, 2012). 
 
The transformation of the entire channel from one planform type to another, for example 
straight planform to braided, is often termed channel metamorphosis and represents a 
change in the sediment and/or flow regime (Schumm, 1979). Channel metamorphosis can 
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be temporary, for example, a straight channel can become braided due to deposition of 
sediment and then switch back to a straight channel (Warburton et al., 1993); or 
permanent, for example a transition from a single thread to a braided system (Harvey, 
1991). Avulsions can lead to river metamorphosis (Schumm, 1977).  Identifying the types 
of planform adjustment is important for inferring patterns of sediment continuity through 
the USC.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.3. Schematic of planform adjustment types and definitions adapted from Brierley and 
Fryirs (2005) and Fryirs et al., (2009).  
Bar Removal / Reduction
The reduction or complete 
removal of a geomorphic 
unit (i.e. reduction in gravel 
bar area). 
Bar Re-organisation
Gravel bar position changes 
in the channel / gravel bars 
migrate downstream 
Bar Formation / Accretion
The deposition of sediment 
resulting in the accretion of a 
pre-existing geomorphic 
unit, or the formation of a 
new geomorphic unit. 
Lateral Expansion
Channel position remains 
the same, but there has 
been an increase in 
channel width
Straightening / realignment
Realignment of more than 
one bend or where multiple 
bends are cut-off forming a 
low sinuosity flow path
Avulsion
Channel moves position across 
the floodplain, generating new (1), 
secondary or multiple channels (2)
Cut Off
Bend is cut off via chute-
cut off or meander neck 
migration
Modification to the geometry of a channel bend via either: extension, expansion, translation, 
rotation, enlargement, complex change (multiple types of adjustment, double heading)
B
O
U
D
N
A
R
Y 
A
D
JU
ST
M
EN
TS
B
EN
D
 A
D
JU
ST
M
EN
TS
W
ID
TH
 A
D
JU
ST
M
EN
TS
B
A
R
  A
D
JU
ST
M
EN
TS
Lateral Contraction
Lengths of channel have 
decreased in channel 
width
Extension
Expansion
Translation
Rotation
Enlargement
Complex change
Before adjustment
After adjustment
(1) (2)
Chapter 5 
122 
The types of 2D planform adjustment outlined in Figure 5.3 are readily identified by 
comparing historic maps and air photographs. Therefore, geo-referencing errors between 
historic maps and air photographs are unlikely to significantly affect the categorisation 
of the adjustment type or adjustment length. 
 
5.3.3  Part 3: Analysis of planform adjustments and geomorphic variables  
The main outputs of Part 2 include: (A) channel and catchment geomorphic variables at 
station points along the channel network, and (B) 2D channel planform adjustment types 
and stability as polyline features along the channel network for each time period. Part 3 
combines parts 2A and 2B to develop an understanding of the key geomorphic variables 
influencing the types of planform adjustment and stability. 
 
To link SP variables to adjustment and stable reaches there are two approaches, Method 
1 (M1) and Method 2 (M2). M1 involves averaging the geomorphic variables of the SP 
upstream and downstream of the planform adjustment or stable reach. For example, in 
Figure 5.2c adjustment b is assigned the mean geomorphic variables of SP 3 and 4.  In 
M1, if an adjustment or stable reach extends or lies between two or more SP then the 
average geomorphic variables are taken from all of the respective SP (Fig. 5.2c). If an 
adjustment extends over the junction between two stream orders (i.e. at tributary 
junctions) the mean geomorphic characteristic variables are taken from the upstream SP 
and downstream SP. If the adjustment occurs downstream of the last SP (i.e. upstream 
of a lake or waterbody) it is assigned the variables of the last closest SP.    
 
An alternative approach, M2, involves automatically assigning adjustment and stable 
reaches the closest SP variables in GIS. However, M2 only assigns the adjustment to the 
closest SP and therefore does not characterise the full range of geomorphic values an 
adjustment might occur over. In addition, M2 requires careful checking as SPs can be 
incorrectly assigned to adjustments from close proximity SPs on neighbouring channels. 
This is particularly problematic near tributary junctions when there is a high density of 
SPs for multiple channels. In this respect, M1 is chosen and therefore used for the rest of 
the analysis. 
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5.4  Case Study  
5.4.1  Part 1: Selection of region, assembly and pre-processing of data 
To test this approach, the methodology is applied to the Wasdale Catchment (45 km2, 
Fig. 5.4) in the Lake District, north-west England. This upland catchment is strongly 
influenced by the geology, glacial history and climate with a dynamic fluvial system 
(Harvey, 1997). The present river planform consists of straight low sinuosity first and 
second order erosional bedrock channels, e.g., Piers Gill and Gable Beck (Fig. 5.4). 
Downstream, depositional features dominate, and channels are unconfined with 
wandering and braided planforms in the third, fourth and fifth stream orders (Fig. 5.4C) 
(Harvey, 1997). A small debris cone is present where Gable Beck joins Lingmell Beck and 
there is a large fan delta where Mosedale and Lingmell Becks empty into the head of 
Wast Water, which adjoins an alluvial fan of Lingmell Gill (Harvey, 1997).  
 
The bedrock geology of the area consists of Ordovician Borrowdale Volcanic Group rocks  
(Wilson, 2005). The superficial geology consists of primarily fluvial deposits in the lower 
reaches of Mosedale Beck, Lingmell Beck and Lingmell Gill (Fig. 5.4C). Glacigenic 
deposits (Devensian till, diamicton) are found in the upper reaches and headwaters of the 
river channels (Fig. 5.4). River channel sediments are generally coarse, typically boulder 
gravels in the upper reaches fining to cobble gravels downstream (Skinner and Haycock, 
2004). Little evidence of anthropogenic modification exists in the low order channels in 
the headwaters of the Wasdale catchment (Skinner and Haycock, 2004). In contrast, 
evidence of straightening, embankments and walled riverbanks are present along the 
lower reaches of Lingmell Beck and Mosedale Beck (Skinner and Haycock, 2004). 
Mosedale Beck and Lingmell Beck are high energy systems and planform adjustments 
are expected despite the anthropogenic modifications (Skinner and Haycock, 2004).  
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Figure 5.4. (A) Location of Lake District upland region, north-west England. (B) Wasdale 
catchment study area (45.4 km2) and channel network. Rivers not studied include those that are 
not identifiable from historic maps and air photographs (mainly first order channels). (C) Geology 
map of the Wasdale catchment showing the superficial geology (source: BGS, 2016), and rivers 
studied that are topographically confined or unconfined. (D) Example of 2010 air photograph 
(Digimap, 2017) of channels in the Wasdale catchment. Area of air photograph is indicated by 
dashed purple box in Figs. 5.4B and 5.4C.  
 
Historic maps and air photographs with full coverage of the Wasdale catchment are 
available from 1860s – 2010. Historic OS maps include the years: 1867-68 (1:10,560); 
1956-57 (1:10,560); 1974-1980 (1:10,000); and air photographs: 1995 (Natural England, 
0.25 m resolution), 2003-04 and 2009-10 (source: © Bluesky International Ltd, 25 cm 
resolution), (Table 5.1).  
 
The use of historic maps and air photographs for identifying planform adjustment has 
been criticised (Hooke and Kain, 1982; Downward et al., 1994; Gurnell, 1997; Wishart, 
2004). For example, historic maps were produced by different surveyors who might map 
(D) 2010 air 
photograph of 
channels in the 
Wasdale 
catchment
(D) (D)
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the position of river banks and features differently (Harley, 1975; Hooke and Kain, 1982). 
Similar OS mapping approaches were adopted in the production of the historic maps and 
therefore river bank and features will be surveyed similarly between the different dates 
(Harley, 1975; Hooke and Kain, 1982). Secondly, river planform identification and active 
channel width measurements are sensitive to changes in discharge (flow stage) (Wishart, 
2004; Gleason et al., 2014; Durand et al., 2016). Therefore, planform adjustments between 
two dates may reflect changes in stage height rather than geomorphic change (e.g. the 
presence / absence of bars) (Downward et al., 1994; Wishart, 2004; Donovan et al., 2019). 
However, field surveys for the production of the OS historic maps would have involved 
measuring morphological bankful width, and surveys would have taken longer than a 
single flow event (which will have a rapid stage rise and fall in upland catchments). 
Measurements of active channel width from air photographs are more susceptible to 
variations in discharge, however, air photograph capture is unlikely to have been 
conducted during high flow stages (bad weather conditions) (Wishart, 2004).  Whilst 
these are known limitations with the use of historic maps and air photographs, these 
resources provide the best available detail of river planform over longer timescales (last 
150 years) and give a unique view of historic river behaviour (Wishart, 2004). 
 
Air photographs and historic maps were georeferenced in Esri ArcMap GIS to an OS base 
map in British National Grid coordinates. Error was assessed using the root-mean square 
error (RMSE) of the GCPs as well as in 14 independent test points (local error) (Hughes 
et al., 2006). A decrease in RMSE and test point error was observed between the 1860s 
map (RMSE = 2.6 m, test point error = 3.7 ± 2 m) and 2010 air photograph (RMSE = 
0.8 m, test point error = 1.4 ± 1.4 m) (Table 5.3). Donovan et al., (2019) found that 
neither image/map date or resolution had a systematic influence on the degree of 
digitization inconsistency for a single user (Donovan et al., 2019). Median and mean 
planform digitization uncertainty lies between 1.5 – 2 m for historic maps and air 
photographs (Gurnell et al., 1994; Donovan et al., 2019). Planform adjustments mapped 
between the different time periods were larger than these thresholds. Whilst there are 
georeferencing and digitization errors associated with the historic maps and air 
photographs meaning that smaller adjustments will be undetected, the use of these data 
sources allow important spatial (regional) and temporal (past 150 years) 2D lateral 
patterns of planform adjustment and stability to be identified, providing a valuable 
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insight of river behaviour. A contemporary 5 m DTM (Digimap, 2017) was used to define 
the baseline stream order network in GIS.  
 
Table 5.3. Root Mean Square Error (RMSE) and local test point error following second order 
polynomial transformation of maps and air photographs to an OS base map.  
 
 
 
 
 
 
 
 
5.4.2  Part 2: characterisation of fluvial system and assessment of planform evolution 
Planform adjustments were mapped: (1) over the ‘full period’, by comparing the oldest 
available map (1860s) of river planform to the most recent (2010) full coverage air 
photograph, and (2) at higher frequency intervals using intermediate dated historic maps 
and air photos during the full period (‘intermediate periods’) (Table 5.1).  Planform 
adjustments were mapped on second, third, fourth and fifth order channels.  First order 
channels were not mapped as the resolution of air photographs and historic maps meant 
the channels <1 m wide could not easily be identified.  First order channels are often 
topographically confined in headwater catchments, with entrenched channels or narrow 
valleys and therefore it is expected that there will be minimal 2D lateral planform 
adjustment in these channels over the period of measured change. However, it is 
important to recognise that first order channels can adjust vertically and supply sediment 
to the downstream channel network. 
 
Station points in the Wasdale catchment (Fig. 5.4) were located at 400 m, 600 m, 800 m, 
and 1000 m intervals for second, third, fourth, and fifth order channels respectively. The 
SP interval was determined based on analysis of three SP interval resolutions (Table 5.4, 
Fig. 5.5). There were no statistical differences between the three SP interval resolutions 
at the 95 % confidence level after ANACOVA (Zar, 2010) therefore, it is assumed that 
geomorphic variables extracted at the lowest resolution SP interval (Table 5.4, Fig 5.5), 
  Test Point (Local) Error (m) 
Year of map / photo RMSE (m) Mean Std. Dev. 
1860s 2.6 3.7 2.0 
1950s 3.3 4.0 1.6 
1980 1.5 2.7 1.5 
1995 1.4 2.0 1.0 
2004 0.8 1.9 1.4 
2010 0.8 1.4 1.4 
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are representative of the geomorphic variables for each stream order. Elevation values to 
calculate channel slope were extracted 100 m, 200 m, 300 m and 400 m upstream and 
downstream of the SPs for second, third, fourth and fifth order channels respectively 
(Table 5.5, Fig. 5.6). The spacing intervals used to extract elevation values were tested 
(Table 5.5, Fig. 5.6) and coincide with a similar range of previously used intervals (Alber 
and Piégay, 2011; Bizzi and Lerner, 2012; Lisenby and Fryirs, 2016; Martínez-Fernández 
et al., 2019).  
 
Table 5.4. Different resolution station point (SP) spacing intervals (m) tested in the Wasdale 
catchment.  
 
Table 5.5. Slope sensitivity analysis: distance elevation values are extracted upstream and 
downstream of the station points (SPs positioned at low resolution spacing interval, Table 5.4). 
Three distances were tested to see how it affected the calculation of slope. No statistical differences 
were identified between the three distance slope values (Fig. 5.6), so distance 3 is used to extract 
elevation values upstream and downstream of station points.  
 
 
 
 
 
 
 
 
 
 
Stream 
order 
High resolution Medium resolution Low resolution 
SP interval (m) n SP interval (m) n SP interval (m) n 
2 100 55 200 28 400 24 
3 200 54 300 39 600 25 
4 300 26 400 19 800 12 
5 400 3 500 3 1000 2 
SP total   138  89  63 
Stream 
order 
Distance 1 
(m) 
Distance 2 
(m) 
Distance 3 
(m) 
2 25 50 100 
3 50 100 200 
4 75 150 300 
5 100 200 400 
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Figure 5.5. Examples of mean geomorphic characteristics extracted at high, medium and low-
resolution station point spacing intervals (Table 5.4) in the Wasdale catchment. No statistically 
significant differences were identified between the three resolution SP intervals at the 0.05 and 
0.01 confidence level.   
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Figure 5.6. Mean slope values extracted over different distances (Table 5.5) for each stream order. 
There were no statistically significant differences between the three distances tested at the 0.05 
and 0.01 confidence level between the distances tested, and therefore distance 3 is used. 
 
No discharge gauging stations are located in the Wasdale headwater catchment, so to 
calculate stream power flow data is combined from 19 flow gauges across the Lake District 
upland region to produce a regional area-discharge relationship (Eq. (2)) (Fig. 5.7). The 
19 flow gauges chosen have a minimum record length of 30 yr and capture a range of 
catchment sizes (18 - 363 km2). Only three flow gauges occur upstream of lakes, therefore, 
when using the gauges downstream of lakes it is assumed that the lakes are full during 
bankfull flow (flood) conditions. Different flood return periods can be plotted using the 
available data for the region (Fig. 5.7). The coefficient of determination decreases with 
increasing return interval (Q2 R
2 is 0.68, Q100 R
2 is 0.58), because there are fewer high 
magnitude events in the 30 year record (Fig. 5.7). Values of unit specific stream power 
are calculated for the 2 year return interval flow as this is representative of bankfull 
discharge in gravel-bed rivers in similar upland settings  (Leopold and Wolman, 1957; 
Hey, 1975; Harvey, 1977; Carling, 1988; Harvey, 2001).  
 
To understand the temporal pattern of planform adjustments and the role of flood events 
during the 150 year time period, gauged flow data is linked to longer term events 
identified using historical descriptions of major geomorphological events (i.e., landslides, 
changes of stream course, or large scale damage to buildings etc.) (Watkins and Whyte, 
2008).  Extreme flood events in the gauged data were identified by using the peak-over-
threshold (POT) approach (Robson and Reed, 1999). Previous studies have defined 
unique POT discharge values for a catchment (i.e., Rumsby and Macklin, 1994; Pattison 
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and Lane, 2012). However, because comparisons of peak events are made across 19 
gauges, a single discharge value is not representative of the range of catchment sizes. 
Instead, a high POT of 75 % of the gauged flow record is set. This threshold assures only 
the largest flood events are used so the dataset includes an average of 1 flood event per 
year across the records (Robson and Reed, 1999). To reduce bias in any catchment-
specific flood events identified in the gauge records, the peak events that are not observed 
across more than 50 % of the 19 flow gauges are removed. The cumulative number of 
flood events in the historical and gauged record are plotted over time to generate an 
overview of flood-rich and flood-poor periods across the Lake District upland region.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.7. Discharge-area relationship for the 1 in 2, 1 in 10, 1 in 50 and 1 in 100 year flow event 
in the Lake District upland region. Generated using 19 gauging stations located throughout the 
upland region. Discharge data sourced from the UK Environment Agency.  
 
 
5.5  Results  
5.5.1  Characterisation of the fluvial system  
In total, 18 channels (total length = 24 km) were studied in the Wasdale catchment, 
with a total of 63 SPs. There were eight second order channels, seven third order channels, 
two fourth order channels and one fifth order channel. The stream orders differ in length, 
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steepness, confinement (valley bottom width) and specific stream power reflecting the 
longitudinal variation in the upland headwater channels (Fig. 5.8). Local mean channel 
slope decreases from 0.2 ± 0.09 to 0.004 ± 0.002 from second to fifth order channels (Fig. 
5.8). Channel width increases by a factor of four downstream through the stream order 
network; second order channels have the narrowest mean channel widths (4 ± 2 m) and 
fourth and fifth order channels have the largest mean channels widths (16 ± 1 m). 
Catchment area similarly increases from second order channels (mean catchment area = 
0.8 ± 0.4 km2) to fifth order channels (19 ± 1.5 km2) (Fig. 5.8). Mean valley bottom 
width increases by a factor of 18 downstream from 31 ± 43 m in second order channels 
to 550 ± 30 m in fifth order channels (Fig. 5.8). Mean bankfull stream power decreases 
by a factor of 25 downstream from 620 ± 305 W m-2 in second order channels to 25 ± 
8 W m-2 in fifth order channels (Fig. 5.8).  
 
Planform adjustments in the Wasdale catchment are assessed (1) over the ‘full period’ 
by comparing the earliest historic map and recent air photograph, 1860s - 2010 (150 
year); and (2) at ‘intermediate periods’ at higher frequency intervals (1860s – 1950s; 
1950s – 1980; 1980 – 1995; 1995 – 2004; 2004 – 2010) during the 150 year period. 
 
5.5.2  Planform adjustments 
5.5.2.1  Full period (1860s – 2010) results  
Over the full period, 114 planform adjustments were identified (Fig. 5.9A). The total 
length of channels mapped as stable was 68 % (16 km) and adjusting was 32 % (8 km). 
Bar adjustments were the most common forms of adjustment (n = 68, 60 %, Fig. 5.9A) 
and affected an average of 9 % of the channel length (Fig. 5.10B). The mean percentage 
of channel length affected by bend adjustments (n = 19, 17 %) was 6 %; boundary 
adjustments (n = 12, 11 %) was 17 % and width adjustments (n = 15, 13 %) was 11 % 
(Fig. 5.10).  The highest frequency of planform adjustments occurred in third order (n = 
45, 40 %) and fourth order (n = 48, 42 %) channels (Fig. 5.9A) where catchment area 
increases and channels become topographically unconfined (Fig. 5.8). The 2D stable 
reaches (n = 66) affected an average of 20 % of the channel length over the full period 
(Fig. 5.11).   
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Over the full period of analysis, 43 of the mapped planform adjustments (38 % of the 
total number of adjustments) occurred in combination with another planform adjustment 
type. Thirty percent of the total combined planform adjustments were bar and width 
adjustments, 28 % were bar and bend adjustments, 28 % were bar and boundary 
adjustments, 5 % were boundary and width adjustments, and 9 % were bar, boundary 
and width adjustment combinations.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.8. Box plots showing the slope, catchment area, valley bottom width and unit specific 
stream power characteristics extracted from the station points for each stream order in the 
Wasdale catchment. Statistically significant differences were identified between the mean of the 
geomorphic variables between each stream order at the 95 % confidence level. 
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Figure 5.9. (A) Frequency and (B) percentage frequency of planform adjustments by stream order, 
in the Wasdale catchment, UK, for the available historical maps and air photographs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.10. Mean percentage of channel length affected by planform adjustment by stream order 
(A) and mean percentage of channel length affected by planform adjustment (B) in the Wasdale 
Catchment, UK, for the available historical maps and air photographs (1860s – 2010). 
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Figure 5.11. Mean percentage length of stable reaches for each time period plotted against stream 
order for the Wasdale catchment, UK.  
 
5.5.2.2  Intermediate period results  
In the shorter time interval comparisons, bar adjustments were the most frequent 
planform adjustment observed (1980 – 1995, n = 56; 1995 – 2004, n = 86; 2004 – 2010, 
n = 178), (Fig. 5.9). Boundary adjustments were observed in the 1860s – 1950s, and 
1950s – 1980 intermediate time periods, however, these adjustments were absent after 
the 1980 period (Fig. 5.9).  
 
A reduction in the mean percentage of channel length affected by planform adjustments 
is observed over the stream order network in the intermediate time periods (Fig. 5.10). 
Planform adjustments in 1860-1950s and 1950s-1980 affected an average of 40 % of the 
channel length, whereas adjustments over the shorter time span intervals from 1980-1995, 
1995-2004 and 2004-2010 affected an average of 22 – 13 % of the channel length (Fig. 
5.10). This coincides with a reduction of the occurrence of boundary adjustments from 
1980 – 2010, which affected a mean of 17 % of the river channel length from 1860s – 1980 
(Figs. 5.9 and 5.10).  
 
Second order channels have the highest mean percentage of length categorised as 2D 
stable over 1860s – 1950s (100 %), 1980-1995 (47 %) and 1995-2004 (35 %) (Fig. 5.11). 
Over the period of analysis there has been a progressive reduction in the overall length 
of channel mapped as stable (Fig. 5.11), this is likely caused by an increase in the 
frequency of bar adjustments being mapped from 1980s onwards as a result of the 
changing resolution and type of data source used.  
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Combined planform adjustments were identified in all of the intermediate time periods. 
From 1860s – 1950s, 33 % (n = 15); 1950s – 1980, 24 % (n = 16); 1980-1995, 25 % (n = 
18); 1995 – 2004, 18 % (n =18) 2004 – 2010, 8 % (n = 15) of river planform adjustments 
were combined processes. The most frequently combined planform adjustments during 
the intermediate periods were bend and bar adjustments (n = 35).  
 
5.5.3  Geomorphic variables of planform adjustment and stable reaches  
To identify the key geomorphic characteristics influencing the location and extent of 
planform adjustments, a comparison was made between the geomorphic variables 
extracted from the SPs and the planform adjustment and stable reach data for all time 
periods (full period and intermediate periods) (Fig. 5.12). In total, 1048 2D adjustment 
and stable reaches were compared, of this frequency: bar adjustments accounted for 42% 
(n = 438); bend adjustments 7% (n = 70); boundary adjustments 3% (n = 27); width 
adjustments 5% (n = 49); and the frequency of stable reaches was 44% (n = 464).  
 
Stable reaches were found to have differences between planform adjustment mean 
geomorphic variables over the full data set (Table 5.6). Stable reaches (n = 464) had a 
mean channel width of 8 ± 5 m, slope of 0.1 ± 0.08, local catchment area of 3.4 ± 
3.3 km2, valley bottom width of 110 ± 157 m and bankfull unit stream power of 424 ± 
260 W m-2 (Fig. 5.12).  The 2D stable reaches were most commonly found in confined 
second order channels, where bend and boundary adjustments are less likely because of 
limited space for lateral adjustment (Fig. 5.12). Adjustment reaches (n = 584) had a 
mean channel width of 11 ± 5.6 m, slope of 0.08 ± 0.07, local catchment area of 4.7 ± 
4.1 km2, valley bottom width of 170 ± 194 m and bankfull unit stream power of 325 ± 
250 W m-2 (Fig. 5.12). Boundary adjustments occurred in unconfined valley reaches, 
where mean valley bottom width is 430 ± 165 m, mean slopes are 0.04 ± 0.06, and where 
there is a large mean upstream catchment area of 9.4 ± 6 km2 (Fig. 5.12).  In contrast, 
bar adjustments were less restricted to unconfined valleys and low slopes, occurring on 
mean valley bottom widths of 145 ± 180 m and where mean slopes were 0.09 ± 0.08. 
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Figure 5.12. Box plots showing the geomorphic variables for each planform adjustment category 
for the full-time period analysis (1860s – 2010). Continuous lines represent the mean geomorphic 
value for stable reaches, dashed lines indicate the mean geomorphic values for adjusting reaches.    
 
A one-way ANOVA and Tukey (HSD) was performed to identify if a statistically 
significant difference between the mean geomorphic variables and the adjustment and 
stable reaches for each stream order was present (Table 5.6). The length of the fifth order 
channel was truncated by Wast Water and was excluded from the statistical analysis 
because of its short 590 m length and the small number of observed adjustments (n = 38, 
4 % of total of adjustments studied), therefore, results focus on the ANOVA analysis of 
planform data for second, third and fourth order channels. 
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Third and fourth order channels display the highest number of significant differences (n*) 
(n* = 22) between adjustment types and the geomorphic variables (Table 5.6) compared 
to second order channels (n* = 5). Second order channels have steeper channel slopes 
and higher unit specific stream power values (Fig. 5.8), however, they are characterised 
by a narrower range of values for catchment area (0.2 - 1.7 km2), channel width (2 – 12 
m) and valley bottom width (2 – 210 m) compared to third and fourth order channels 
(Fig. 5.8). In confined, second order channels the space available for channel adjustment 
is restricted and therefore there are fewer significant differences between the geomorphic 
variables and adjustment types (n* = 5) (Table 5.6).  
 
In contrast, the geomorphic variables (catchment area, valley bottom width, channel 
width) increase in third and fourth order channels (Fig. 5.8) and display the highest 
number of statistically significant differences (n* = 22) between adjustment types and 
the geomorphic variables (Table 5.6). The highest number of statistical differences 
identified in third and fourth order channel planform adjustments are associated with 
valley bottom width (n* = 9) (Table 5.6).  
 
The highest number of significant differences between geomorphic variables and planform 
adjustments were between bar and boundary adjustments (n* = 7), and boundary and 
width adjustments (n* = 5) in third and fourth order channels (Table 5.6). Bar 
adjustments in third and fourth order channels occurred where mean valley bottom width 
was 145 ± 170 m, boundary adjustments occurred where the mean valley bottom width 
was 430 ± 140 m and width adjustments occurred where the mean valley bottom width 
was 240 ± 220 m. Boundary adjustment frequency was lower in second order channels 
because topographic confinement limits lateral adjustment (Fig. 5.4C). The lowest 
number of significant differences in second, third and fourth order channels identified 
were between bend and bar adjustments (n* = 1) and bar and width adjustments (n* = 
1); these adjustments often occurred in combination. The combined data column (Table 
5.6) suggest significant differences were observed between most geomorphic variables, but 
the highest number of statistical differences could be identified by differences in channel 
width and valley bottom width (n* = 8); these statistical differences are concentrated in 
third and fourth order channels.  
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Table 5.6 shows the one-way ANOVA analysis results comparing adjustment types and 
the geomorphic variables between each stream order. The results indicate that 
adjustments and geomorphic characteristics have statistical differences and are scaled 
between each stream order. Second and fourth stream order channels have the highest 
number of significant differences in all geomorphic variables (n* = 24). For example, 
stable reaches in second order channels are characterised by valley bottom widths of 30 
± 40 m, channel slopes of 0.2 ± 0.09, catchment areas of 0.8 ± 0.4 km2 and the highest 
bankfull stream powers of 600 ± 300 W m-2. In contrast, stable reaches in fourth order 
channels are characterised by valley bottom widths of 230 ± 180 m, channel slopes of 
0.04 ± 0.02, catchment area of 6 ± 2 km2 and stream power values of 200 ± 145 W m-2. 
There are significant differences, but between fewer geomorphic variables between 
neighbouring stream orders (Table 5.6). For example, between second and third order 
channels n* = 15, and fourth and fifth order channels n* = 9. Catchment area (n* = 25) 
and slope (n* = 23) have the highest number of statistical differences between each 
stream order (Table 5.6). This is because of the changing hydraulic geometry laws 
downstream the stream order network (Richards, 1982; Gordon, 1996).   
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5.5.4  Flood-rich and flood-poor periods and the timing of planform adjustments 
To understand the temporal pattern of channel planform adjustments, archival and flow 
gauge information is used to identify flood-rich and flood-poor periods (Fig. 5.13A). Five 
flood-rich periods were identified across the Lake District upland region that correspond 
to previously reported flood-rich periods in northern UK and north-western Europe 
(Macklin and Lewin, 1998; Pattison and Lane, 2012; Macdonald and Sangster, 2017) 
(Fig. 10A). Figure 5.13A shows the regional pattern of flood-rich and flood-poor periods 
from multiple flow gauges in the Lake District (19 gauges), however, individual 
catchments can be affected by local flood conditions. For example, Johnson and 
Warburton (2002) reconstructed local historic flood events using lichenometry in Raise 
Beck (NGR NY 330 118, central Lake District, ~15 km north-east of the Wasdale 
catchment) (Fig. 5.13A). Three of the Raise Beck flood events coincide with the regional 
flood-rich periods and three do not, highlighting local variability in flood conditions (Fig. 
5.13A).  Because there are no flow records in the Wasdale catchment only the regional 
flood data is used, but it is acknowledged there will likely be local differences in flood 
histories between valleys.  
 
Figure 5.13B shows the average length of planform adjustments types for each time 
period. Boundary adjustments were not observed after the 1980s (Fig. 5.13B). The 
average length of channel affected by bend and bar adjustments has been relatively 
consistent over all time periods (Fig. 5.13B). Width adjustments affected a greater length 
of channel planform in 1860s-1950s, 1950s-1980 and 1980-1995 time periods (Fig. 5.13B). 
The mean percentage length of stable reaches over time decreased (Fig. 5.13). The 
changing resolution of the map and air photographs, and the length of sampling interval 
over which planform adjustments are mapped, will influence the type and frequency of 
adjustments identified. For example, air photograph resolution (0.25 m) will enable 
smaller adjustments to be identified (i.e., bar adjustments), reducing the length of 
channel categorised as 2D stable (Fig. 5.9). Similarly, the length of historic map and air 
photograph sampling interval decreases towards the present, which will impact the 
number of recorded channel adjustments depending on whether a flood-rich period falls 
between two observational epochs or not. Despite these limitations, this is the best 
available catchment scale data of 2D planform adjustments, stable reaches and historic 
flood events over the 150 year time period.  
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Figure 5.13. (A) Cumulative number of high flow events as a function of time for the Lake District 
upland region. Peak flow data is based on documented extreme flood events from archival evidence 
and gauged data (19 gauges) that represent POT flows.  Where the gradient of the line is steep 
it indicates a high frequency of large flood events and flood-rich periods (red bars). A local flood 
record at Raise Beck (NGR NY 330 118) from Johnson and Warburton (2002) is plotted against 
the regional flood record.  (B) Mean length of channel affected by planform adjustment (%) (height 
of grey bars is proportional) for each time period map / air photograph comparison. Grey bar 
length represents the time span between available map/photo comparisons.  
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5.6  Discussion 
5.6.1  Catchment scale patterns and controls of 2D planform adjustment  
In this Chapter, a systematic methodology to quantify historic 2D channel planform 
adjustments, stable reaches and the associated geomorphic variables at the catchment 
scale has been developed and applied. Previous river planform adjustment studies have 
emphasised the dynamic nature of upland river channels (Newson, 1989). In the Wasdale 
catchment, a similar picture emerges with 32 % of the total channel network length 
classified as adjusting between 1860s-2010 (Fig. 5.14). Similar patterns of actively 
adjusting reaches have been identified in British rivers using historical sources (Ferguson, 
1981). For example, Lewin et al. (1977) identified that 25% of 100 randomly surveyed 
channel reaches in Wales were adjusting over a period of 44 – 78 years. Hooke and 
Redmond (1989a) estimated that over an 89 year period (1870-1959), 35% of UK upland 
rivers experienced planform adjustment.   
 
The structure of a catchment, primarily determined by the geological and glacial history, 
plays an important role in influencing sediment continuity and patterns of planform 
adjustment (Milne, 1983; Downs and Gregory, 1993; Thomas, 2001; Sear and Newson, 
2003; Fryirs et al., 2009). In headwater catchments, low order channels are often 
topographically confined (Milne, 1983; Montgomery and Buffington, 1993; Downs and 
Gregory, 1993) and have been termed ‘resistant’ or ‘insensitive’ to planform adjustments 
(Brunsden and Thornes, 1979; Sear et al., 2003; Fryirs et al., 2009; Thoms et al., 2018; 
Piegay et al., 2018; Fuller et al., 2019). In the Wasdale case study, second order channels 
were topographically confined (mean valley bottom widths of 31 ± 43 m, Fig. 5.8) and 
local bar adjustments were the most frequent form of adjustment (Fig. 5.9). The presence 
of bar adjustments can indicate the channels are locally active in terms of sediment 
supply and transfer, and therefore show little change to the channel boundaries over time 
(Fig. 5.9). One exception to this general result was observed in Gable Beck, a second 
order channel, where a local cut off and width adjustment (1950s – 1980) occurred where 
valley bottom width expands, allowing the channel to become locally unconfined (Figs. 
5.4C and 5.14). Overall, however, topographically confined low order channels displayed 
patterns of persistent 2D stability, indicating a high level of sediment continuity and 
relative balance between sediment input and output.   
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Figure 5.14. Spatial pattern and percentage length of stable and adjusting reaches for all time 
periods of analysis in the Wasdale catchment, UK.   
 
In contrast, downstream in high order channels in the floodplain valley transfer zone, 
valley bottom width increases markedly (Fig. 5.8) creating space (Schumm, 1977; Church, 
1996) for the channel to interact with floodplains laterally (Ibisate et al., 2011). The 
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highest frequency of planform adjustments was observed in third to fifth order channels 
(Fig. 5.9).  The most active adjustment locations were observed in the downstream 
reaches of Lingmell Beck (fourth and fifth order channels) where mean valley bottom 
width was 410 ± 110 m, allowing room for lateral planform adjustments. Lingmell Beck 
also had a low mean channel slope 0.03 ± 0.01, large mean catchment area 12 ± 1.7 km2, 
and low mean stream power 130 ± 80 W m-2 (Fig. 5.8). Unconfined reaches with low 
specific stream powers can accommodate sediment deposition (Knighton, 1999; Reinfelds 
et al., 2004; Lea and Legleiter, 2016), which can lead to local aggradation (poor sediment 
continuity) and super-elevation of the bed in relation to the floodplains, which can 
instigate larger scale adjustments such as avulsions (Jones and Schumm, 1999). This is 
evidenced by large depositional areas in the mid to lower reaches of Lingmell Beck 
(Skinner and Haycock, 2004). 
 
McEwen (1994) identifies similar changes in river channel planform stability along the 
River Coe, Scotland. In the upstream reaches, the River Coe is relatively confined and 
stable, however, downstream the channel floodplain valley, slope and stream power 
changes, and the channel planform transitions to a wandering gravel-bed river where the 
channel actively reworks the floodplains and sediment aggrades in the channel (McEwen, 
1994).  The floodplain valley transfer zone represents an important sediment source and 
store regulating sediment continuity downstream over different timescales (Werritty and 
Ferguson, 1980; Ferguson, 1981). Joyce et al. (2018) highlight the importance of valley 
floodplains in storing sediment during extreme flood events causing sediment attenuation 
at the channel outlet. In the Wasdale catchment, persistent adjustment reaches over the 
last 150 year indicate locations of continual sediment erosion and deposition in the 
floodplain valley transfer zone. For example, where the channel becomes unconfined in 
the mid to lower reaches of Lingmell Beck, repeated bar, bend and width adjustments 
were recorded in the intermediate periods of analysis (Fig. 5.14) and are evidenced by 
depositional features (Skinner and Haycock, 2004). Sediment continuity therefore varies 
at the event scale and over much longer timescales c. 150 years.  
 
The statistical analysis investigated the importance of the different types of river 
planform adjustment in relation to catchment geomorphic variables (Table 5.6, Fig. 5.12). 
Valley bottom width and channel width could be used to identify differences in stable 
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reaches, bend, boundary, width and bar adjustments across the catchment (Table 5.6). 
However, the analysis highlighted that not one geomorphic variable alone could be used 
to define a particular type of river planform adjustment. This is because planform 
adjustments occur in response to interactions of multiple geomorphic variables. Second, 
it is difficult to identify the geomorphic variables of individual planform adjustment 
categories because planform adjustments can occur in combination. Figure 5.15 
summarises the frequency of interactions between planform adjustment categories in the 
Wasdale catchment. In the full-time period analysis (1860s – 2010), 38 % (n = 43) of 
river channel planform adjustments identified were coincident with another planform 
adjustment.  Bar adjustments are the most frequent type of adjustment and are 
associated equally with channel boundary, width and bend adjustments (Fig. 5.15). This 
result is to be expected given that the bar can be regarded as the fundamental geomorphic 
unit in fluvial systems (Church and Rice, 2009; Rice et al., 2009) and its morphodynamics 
indicate the state of sediment flux (continuity) within a particular river reach. This 
underpins the basis of the methodology applied here.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.15. Venn diagram showing the frequency of interactions between planform adjustment 
categories in the Wasdale catchment for the full period of analysis 1860s - 2010. Circles are 
proportional to the number of observed primary adjustments. Numbers in bold show the total 
frequency of adjustments for each group, numbers in italics represent the total number of 
combined adjustments between the groups. 
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5.6.2  Historic pattern of river channel planform adjustment  
The temporal pattern of river planform adjustments in many upland catchments has 
been linked to the incidence and severity of major floods (Wolman and Miller, 1960; 
Anderson and Calver, 1980; Milne, 1982; McEwen, 1989; Rumsby and Macklin, 1994; 
McEwen, 1994; Werritty and Hoey, 2004). High magnitude flood events can cause the 
erosion of river banks, initiate high sediment transport rates, leading to subsequent 
sediment deposition in the channel and on floodplains as peak flows recede (e.g., Fuller, 
2008; Milan, 2012; Joyce et al., 2018; Heritage and Entwistle, 2019). Sediment deposition 
can block the channel promoting channel avulsion or chute and neck cut offs across the 
floodplain (Anderson and Calver, 1980; McEwen, 1994; Jones and Schumm, 1999). In the 
Wasdale catchment, boundary adjustments (avulsions, cut offs) occurred between 1860s 
– 1950s and 1950s-1980, coinciding with four flood-rich periods in the Lake District region 
(Fig. 5.13). No boundary adjustments were identified from 1980 – 2010, despite this being 
a flood-rich period documented across the Lake District upland region (Pattison and 
Lane, 2012).  
 
The relationship between the type and extent of planform adjustments is complicated by 
the fact that channel response to floods can vary from catchment to catchment 
(Warburton et al., 2002). First, the lack of flow gauge records in the Wasdale catchment 
limits the identification of catchment specific flood events that drive planform 
adjustments. Therefore, the lack of boundary adjustments observed after the 1980 period 
could be because there has not been a local flood of sufficient magnitude for geomorphic 
adjustment. The Raise Beck flood study (Johnson and Warburton, 2002) highlights that 
there is variability in river response to localised flood events compared to the Lake 
District regional flood record (Fig. 5.13A). Recent work reconstructing detailed flood 
chronologies from lake sediment records (Chiverrell et al., 2019) and floodplain sediment 
cores (Jones et al., 2012; Fuller et al., 2019) provides an alternative means of developing 
catchment flood histories that are catchment specific and extend beyond the era of 
documented flood events. Second, the lack of observed boundary adjustments after the 
1980 period could be because the channels have stabilised and therefore only bend, bar 
and width adjustments are observed (Skinner and Haycock, 2004). Similar results were 
found in Hoaroak Water, Exmoor, UK, where the channel showed relative stability and 
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no major channel planform alteration 25 years after a flood-initiated avulsion (Anderson 
and Calver, 1980; Werritty and Ferguson, 1980).  
 
The temporal pattern of river planform adjustments is commonly linked to anthropogenic 
activity (Gilvear and Winterbottom, 1992; Surian and Rinaldi, 2003; Fryirs et al., 2009). 
Evidence of river straightening, embankments and bank reinforcements are present in the 
Wasdale catchment (Skinner and Haycock, 2004). Skinner and Haycock (2004), report 
straightening on Lingmell Beck occurred between the 1860s – 1899, therefore planform 
adjustments (e.g., boundary and bar adjustments) mapped over the 1860s-1950s could 
reflect channel recovery to artificial confinement. However, it is difficult to determine the 
direct impact of anthropogenic activity, as there is not a precise date of when 
straightening occurred, and the different time intervals between historic sources used to 
map planform adjustment are not of sufficient resolution to resolve these impacts. 
Anthropogenic activity and contemporary river management could explain the lack of 
boundary adjustments observed after the 1980s period in the Wasdale catchment. For 
example, on Lingmell Beck the contemporary (~25 year ago) construction of 
embankments restricts 2D lateral adjustment and might explain reaches of relative 2D 
stability observed after 1995 period (Fig. 5.14) (Skinner and Haycock, 2004). It is also 
important to recognise that channel modifications often pre-date the earliest available 
historic maps and channels may still be responding to ‘legacy effects’ long after cessation 
of the anthropogenic activity (Wohl, 2015). Consequently, in this context, it is difficult 
to state whether the threshold for boundary adjustment occurrence is the result of 
extrinsic controls (flood events, anthropogenic activity) or as a result of endogenic 
controls (e.g., progressive planform adjustment and gradient changes) that prime the 
reach before destabilisation (Brewer and Lewin, 1998). 
  
The use of historical sources for river channel change detection are limited by the 
temporal availability of data and therefore should not be interpreted as a ‘reference’ or 
‘base’ of channel planform (Ferguson, 1977). Historic maps and air photographs are often 
a composite of multiple datasets collected over months or years and therefore it is difficult 
to determine a single date of production, so 2D channel activity is mapped over ‘periods’, 
e.g., 1950s - 1980. Furthermore, the analysis of 2D historical channel planform often 
assumes that there is a linear or continuous change in channel planform between any two 
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historical data comparisons (Lawler, 1993). However, channel planform adjustments can 
have different responses over different time scales and can be short-lived (intransitive), 
instantaneous, lagged, cumulative and progressive (Schumm and Lichty, 1965; Chappell, 
1983). Therefore, planform adjustments might go unrecorded between two survey dates, 
or adjustments might be misinterpreted when comparing unequal time periods between 
available data (Ferguson, 1977). Instead, historical sources provide a useful record to 
understand how contemporary channel planform has evolved relative to the different 
dated historical data. This is demonstrated in the Wasdale catchment, where zones of 
persistent adjustment (e.g., Lingmell Beck) and relative stability (Gable Beck, Over 
Beck) are identified over the periods of observable data coverage (Fig. 5.14); this is useful 
to identify areas susceptible to future adjustment.  
 
5.7  Chapter conclusions  
This Chapter presents a systematic catchment scale approach for quantifying the spatio-
temporal patterns of 2D river planform stability and adjustment in response to exogenic 
forcing in an upland headwater catchment. The main results of the approach applied in 
the Wasdale case study show:   
 
1. Marked contrasts were found between the geomorphic characteristics of 2D stable 
and adjusting reaches. In the Wasdale catchment, stable reaches (n = 464) had a 
mean channel width of 8 ± 5 m, slope of 0.1 ± 0.08, local catchment area of 3.4 ± 
3.3 km2, valley bottom width of 110 ± 157 m and bankfull unit stream power of 
424 ± 260 W m-2.  Adjustment reaches (n = 584) had a mean channel width of 
11 ± 5.6 m, slope of 0.08 ± 0.07, local catchment area of 4.7 ± 4.1 km2, valley 
bottom width of 170 ± 194 m and bankfull unit specific stream power of 325 ± 
250 W m-2. 
 
2. The 2D laterally stable reaches were concentrated in confined low stream order 
channels, whereas unconfined high stream order channels (fourth and fifth order 
channels) in the floodplain valley transfer zone, were identified as zones of 
sediment storage (discontinuity) evidenced by a higher frequency of planform 
adjustments over the 150 year study period. 
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3. Valley bottom width showed the greatest statistical difference for identifying 
planform adjustment types in third and fourth order channels and can be used to 
explain the location of boundary adjustments. This highlights the importance of 
confinement through the stream order hierarchy in influencing the 
accommodation space available for planform adjustment and stability.  
 
4. Boundary adjustments were identified in 1860s – 1950s and 1950s – 1980 and 
coincided with the occurrence of flood-rich periods determined from long-term 
archival and gauged flood records in the Lake District upland region. After the 
1980s no boundary adjustments were observed despite the occurrence of flood-
rich periods suggesting the system has either (i) achieved local stability or a new 
equilibrium, (ii) has not been impacted by a flood of sufficient magnitude, or (iii) 
has been stabilised by anthropogenic modification restricting lateral adjustment. 
Further analysis should explore the impact of anthropogenic modification and 
response of the system to future extreme flood events. 
 
The general methodology developed here can easily be applied to other catchments with 
commonly available historic maps, air photographs and DTM data. Chapter 6 will apply 
the methodology developed here to the rest of the Lake District upland catchments to 
investigate if the spatial patterns and controls of 2D planform adjustments are consistent 
across multiple catchments in the region, or if they are catchment specific. This will help 
identify relatively ‘active’ and ‘stable’ catchments that will inform a better understanding 
of sediment continuity, process-form behaviour, and aid with (i) the predictions of where 
adjustments might occur in the future, and (ii) the identification of locations for 
management or restoration priorities at a regional level.  
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Chapter 6 
 
 
A multiple catchment scale assessment 
of regional patterns and controls of 
historic river planform adjustment 
 
 
6.1  Chapter summary 
Multiple-catchment scale assessments of planform adjustments provide the opportunity 
to understand historic patterns and controls of sediment continuity at the regional scale, 
which can be used to identify: (i) ‘active’ and ‘stable’ catchments, (ii) the dominant 
controls on planform adjustment, and (iii) evaluate whether patterns and controls of 
adjustment are catchment specific or similar across a region. This Chapter explores the 
patterns and controls of planform adjustment and stability across the 17 catchments in 
the Lake District study region (1250 km2). Planform adjustment and stability was 
mapped over six time periods between 1860s – 2010 on 270 rivers and streams (total 
length 597 km). In total 29,832 stable and adjusting reaches were mapped over all time 
periods. Between 1860s – 2010, 21% (128 km) of rivers and streams studied were 
adjusting. Catchments showing persistent patterns of adjustment (Ennerdale and 
Wasdale) and stability (Haweswater, Kent and Sleddale) were identified. There were 
marked contrasts between the geomorphic characteristics of stable and adjusting reaches: 
stable reaches had narrower channel and valley bottom widths (were topographically 
confined), steeper channel slopes and higher specific stream power values than adjusting 
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reaches. Large scale adjustments (e.g. avulsions) were longest in engineered channels, as 
systems adjust to reach a pre-disturbance form, a natural ‘re-wilding’ process.  
 
6.2  Introduction  
The aim of this research is to quantify the spatial patterns and geomorphic variables of 
upland river planform adjustments and stable reaches over the past 150 years at the 
reach, catchment and multiple catchment scale.  Currently, few studies take a rigorous 
quantitative assessment of planform adjustments from channel headwaters to sink 
(Lisenby and Fryirs, 2016; Soar et al., 2017), or make comparisons between planform 
adjustment patterns between multiple catchments in a region over the last 150 years 
(Wishart, 2004).	 Hence, this chapter moves beyond reach and single catchment scale 
assessments of historic planform adjustments to explore catchment variability in 
sediment continuity and planform adjustment across the 17 catchments in the Lake 
District study region (Fig. 6.2). The objectives of this chapter are to:  
 
i) quantify the geomorphic characteristics of the catchments and rivers studied 
in the upland region,  
ii) quantify the spatial patterns of planform adjustment across multiple 
catchments over the past c. 150 years, and  
iii) use these data to assess if the patterns and controls of channel planform 
adjustments are catchment specific or consistent across a region.  
 
This chapter begins by outlining the methodology (modified from the method presented 
in Chapter 5) that is used to analyse planform adjustments across the 17 catchments in 
the upland study region (Section 6.3). The results are then presented in three parts, the 
first (Section 6.4) discusses the geomorphic characteristics of the 17 catchments and rivers 
studied in the upland region (Chapter 6, Objective i). Secondly (Section 6.5), the spatial 
and temporal patterns of planform adjustments over the last c. 150 years (Chapter 6, 
Objective ii) are discussed.  The third section (Section 6.6) discusses the linkages between 
planform adjustment and geomorphic characteristics to compare catchment to catchment 
variability (Chapter 6, Objective iii). The results of the three sections are then discussed 
(Section 6.7).   
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6.3  Development of methodology 
The methodology developed and tested in Chapter 5 (Joyce et al., 2020) is applied on a 
catchment by catchment basis to the 17 catchments (area 8 - 362 km2) on channels with 
a stream order ³2 in the Lake District study region (Chapter 3).  The method involves 
quantifying catchment and river geomorphic variables (slope, channel width, valley 
bottom width, catchment area, stream power) extracted from station points (SPs) 
positioned along the river network and linking them to historic channel planform 
dynamics in upland catchments (Joyce et al., 2020). The analysis is structured on 
Strahler’s (1952; 1957) stream order to reflect the natural scaling of geomorphic variables: 
catchment area, channel width, length, slope, stream power and valley bottom width 
downstream (Leopold and Miller, 1956; Strahler, 1957; Miller et al., 2003; Hughes et al., 
2011). In the analysis, a river is classified according to the stream order number.  
 
The workflow presented in Chapter 5 (Joyce et al., 2020) is developed to include an 
additional data input (land cover map (LCM)) and processing step (creation of map of 
managed rivers) to assess the impact of land cover type and anthropogenic modifications 
(e.g. engineered structures) on planform stability (Fig. 6.1). These controls are better 
assessed at the regional scale where variations in land cover and anthropogenic activity 
are likely to show greater contrasts between catchments (Rowland et al., 2017; 
Verstraeten and Prosser, 2008). Figure 6.1 summarises the modified workflow. 
 
In Part 2 of the workflow, the LCM is introduced to provide an indication of vegetation 
coverage (Fig. 6.1). Catchment-wide and riparian vegetation can influence sediment 
availability and river bank stability, which can influence the potential for planform 
adjustment (Millar, 2000; Crosota and Saleh, 2011; Vargas‐Luna et al., 2019). The Corine 
LCM is used as it provides a full spatial coverage of the upland study region at 25 m 
resolution (Rowland et al., 2017). Despite the coarse resolution of the LCM, it provides 
a generalised overview of the main land cover types appropriate in a regional scale 
analysis that can easily be imported into GIS. The LCM is categorical data and therefore 
is extracted at planform adjustment locations in Part 3 of the methodology (Fig. 6.1).  
 
In assessing river channel stability, it is important to identify managed channel reaches 
to assess if sediment continuity and planform adjustment patterns differ to unaffected 
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river reaches (Brookes, 1988; Sear et al., 2000; Downs and Gregory, 2004; Gregory, 2019). 
In the workflow, an additional processing step ‘creation of map of rivers managed’ is 
added to capture channel modifications (Fig. 6.1). The term ‘managed’ is defined here as 
sections of river that have been modified (i.e. channelized), maintained, reinforced, 
dredged or regulated. A generalised map of managed rivers in a catchment can be 
developed using:  
 
• Historical maps and air photographs to identify features such as wall structures, 
embankments, presence of bridges and bridge reinforcements in and along the 
channel. 
• The Environment Agency (EA) asset management and flood protection structures 
database (Environment Agency, 2019). These databases locate current river assets 
that are managed to prevent flood risk or to improve habitat diversity and 
therefore can indicate modified river sections.  
• Archival sources including newspapers, river board authority reports and the 
database of river restoration schemes (Black and Law, 2004; RRC, 2018). These 
reports document historical and recent channel works. 
• River Habitat Survey database (Raven et al., 1997; Environment Agency, 2019b). 
This database provides an indication of artificial modification to channel 
morphology through ‘habitat modification score’, by documenting the presence or 
absence of artificial features. 
 
Managed reaches are mapped as a polyline feature along the river network so that the 
total length of rivers managed can be calculated. The map of managed rivers therefore 
represents an estimate of the extent of channel modification and it is likely that more 
rivers will have been historically managed, which is difficult to identify without detailed 
field investigation or local knowledge. In Part 3 of the methodology (Fig. 6.1), planform 
adjustment types are categorised as occurring in ‘managed’ channels if they overlay a 
stretch of the channel that has been mapped as managed. If a planform adjustment or 
stable reach overlays part managed and natural reach, they are assigned ‘semi-natural’ 
category. The map of managed rivers represents the cumulative impact of river 
management, rather than temporal trends in management i.e. it is a summary of both 
historic and contemporary channel modifications on a river.  
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Figure 6.1. Data requirements and GIS workflow for identifying and analysing planform 
adjustments, stable reaches and geomorphic variables. The workflow is adapted (grey shaded 
boxes) from the version in Figure 5.1 (Chapter 5) as it includes LCM data input, and creation of 
map of managed rivers in Part 2.  
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6.3.1  Data pre-processing  
Data was pre-processed following the steps in Figure 6.1, on a catchment by catchment 
basis. Air photographs and historic maps for the 17 catchments were geo-referenced in 
GIS for planimetric accuracy, using >8 hard-edged ground control points (GCPs) and a 
second order polynomial transformation (Hughes et al., 2006; Donovan et al., 2015; 
Donovan et al., 2019). Across the 17 catchments studied there was a decrease in the root 
mean square error (RMSE) from the 1860s historic map (mean RMSE 2.6 ± 1.2 m) to 
the 2010 air photograph (mean RMSE 0.70 ± 0.25 m), (Table 6.1).  Although scale 
differences and geo-referencing errors exist between historic maps and air photographs, 
the datasets provide a valuable record of river planform at the catchment scale over a 
period of the last c. 150 years.  
 
Table 6.1. RMSE geo-referencing errors for historic maps and air photographs used in the analysis.  
 
 
 
 
Catchment 
RMSE (m) of historic maps and air photographs 
1860s 1950s 1980 1995 2004 2010 
BASSENTHWAITE 5.12 6.56 0.47 1.14 1.05 0.68 
CALDER 1.68 1.36 1.47 1.19 1.05 0.46 
CALDEW 1.37 2.84 1.64 1.04 0.80 0.40 
CAWDALE 1.65 1.68 0.58 1.36 0.91 0.80 
CONISTON 4.11 1.81 1.81 0.52 0.62 0.80 
CRUMMOCK  1.40 2.41 1.69 0.30 0.92 0.33 
DUDDON 2.01 1.81 2.76 1.64 1.02 1.09 
ENNERDALE 4.88 3.67 4.67 1.20 1.00 0.99 
ESK 2.99 3.58 2.45 1.01 0.92 0.88 
HAWESWATER 1.12 1.18 2.11 0.46 0.81 1.00 
KENT 3.13 2.18 1.50 0.44 0.72 0.75 
SLEDDALE 1.45 2.06 0.12 0.88 0.35 0.29 
SPRINT 2.14 2.02 0.57 1.09 1.01 0.47 
SWINDALE 2.63 3.03 0.83 1.53 1.65 1.00 
ULLSWATER 3.81 3.65 3.43 0.63 0.18 0.63 
WASDALE 2.60 3.30 1.50 1.40 0.80 0.80 
WINDERMERE 2.16 4.52 2.24 0.49 0.71 0.56 
Mean 2.60 2.80 1.76 0.96 0.86 0.70 
Std. Dev. 1.24 1.35 1.16 0.42 0.32 0.25 
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6.4  Regional geomorphic characteristics  
This section presents and discusses the geomorphic characteristics across the 17 
catchments in the Lake District upland study region derived from Part 2A of the 
methodology (Fig. 6.1). Geomorphic characteristics, slope, valley bottom width, stream 
power, river length, channel width and catchment area are expected to be related to 
stream order, according to the basic laws of catchment geometry (Leopold and Miller, 
1956; Gordon et al., 2004). Understanding the geomorphic characteristics by stream order 
between the 17 catchments will help interpret the patterns of planform adjustment 
identified in Part 2B of the methodology (Fig. 6.1). Section 6.4.1 firstly summaries the 
rivers and catchments studied, which is followed by a discussion of the between 
catchment variability in geomorphic characteristics in Section 6.4.2.  
 
6.4.1  Summary of rivers and catchments studied  
In total, 270 rivers and streams (total length 597 km) were studied across the 17 
catchments (8 – 362 km2) in the Lake District upland study region (total area 1250 km2), 
(Fig. 6.2). Table 6.2 summaries the catchment area, number of rivers studied, total length 
of rivers studied, area of lakes and the number of SPs for each catchment. The 
Bassenthwaite catchment is the largest catchment (361.8 km2), with the most rivers (n 
= 55) studied (Table 6.2). The largest waterbodies in the Bassenthwaite catchment are 
Bassenthwaite Lake (5.2 km2), Derwent Water (5.2 km2), and Thirlmere Reservoir 
(3.3 km2) which act as long term sediment sinks. The smallest catchments studied were 
Cawdale (8 km2), which has no major waterbodies, and Sleddale (12 km2) where the 
rivers discharge into Wet Sleddale Reservoir (area 0.31 km2), (Table 6.2).  
 
The geomorphic variables (channel width, valley bottom width, slope, specific stream 
power and catchment area) were extracted and calculated at 1359 SP locations across 
the study region. The mean density of SPs for second, third, fourth, fifth and sixth order 
channels was 4, 6, 8, 4 and 4 respectively. A lower density of station points was observed 
in fifth and sixth order channels as the river lengths were shorter (Table 6.3) as they are 
truncated by the presence of downstream waterbodies.  
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Figure 6.2. The Lake District upland study region showing the topography, the catchments and 
rivers studied. Numbers indicate the total number of rivers studied in each catchment.  
 
 
Catchment geometry ‘laws’ (Horton, 1945; Leopold and Miller, 1956; Selby, 1985) state 
that as channel stream order increases the mean number of streams, channel slope and 
specific stream power decreases, and the mean stream length, catchment area, valley 
bottom width and channel width increases. Figure 6.3 and Table 6.3 summarise the mean 
geomorphic characteristics extracted at each of the station points for each stream order 
to explore the stream order scaling laws across the study region.  
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Table 6.2. Catchment area, number and total length of rivers, area of waterbodies and number of 
station points for the rivers and catchments studied in the Lake District upland study region. 
 
      * indicates catchments with lakes with water abstraction and downstream flow regulation  
 
 
Of the 270 rivers studied, 134 (50 %) were second order channels, 96 (35 %) were third 
order channels, 29 (11 %) were fourth order channels, 9 (3 %) were fifth order channels 
and 2 (1 %) were sixth order channels, (Table 6.3). Mean channel length increases by a 
factor of 4 from second to fourth order channels, (R2 = 0.99), (Table 6.3, Fig. 6.3). 
However, fifth and sixth order channels show a decrease in channel length, because lakes 
truncate the downstream extent of the channel, for example, in Bassenthwaite, Ullswater, 
Wasdale and Windermere catchments (Table 6.3, Fig. 6.2). The presence of lakes 
therefore explains the overall weak relationship (R2 = 0.37) observed between stream 
order and mean river length in the Lake District upland region (Fig. 6.3).  
Catchment 
Name 
Catchment 
area (km2) 
Number 
of rivers 
studied 
Total length 
of rivers 
studied 
(km) 
Total 
waterbody 
area (km2) 
Number 
of station 
points 
BASSENTHWAITE* 361.8 55 171.2 14.01 348 
WINDERMERE 239.8 44 99.4 17.76 213 
ULLSWATER 146.6 36 73.6 9.48 163 
CONISTON 63.2 8 14.8 5.2 37 
CRUMMOCK* 62.5 18 33.7 4.1 94 
ESK 54.6 17 32.0 0.29 73 
DUDDON 50.0 6 16.9 0.26 33 
WASDALE* 45.4 18 24.0 2.94 63 
ENNERDALE* 44.1 10 22.5 3.02 61 
CALDEW 33.9 9 20.2 0.03 50 
HAWESWATER* 32.5 14 16.4 4.09 54 
CALDER 31.4 8 19.7 - 49 
SPRINT 27.7 6 14.4 - 27 
KENT* 22.4 9 12.6 0.43 30 
SWINDALE 19.1 5 13.04 0.002 27 
SLEDDALE* 11.6 4 7.3 0.31 21 
CAWDALE 7.8 3 5.3 - 16 
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The R2 value is greater than 0.9 for mean valley bottom width, channel width, slope, 
catchment area, specific stream power when plotted on a semi-log graph against stream 
order, agreeing with the expected catchment scaling laws (Leopold and Miller, 1956; 
Gordon et al., 2004), reflecting the longitudinal variation in the upland catchment stream 
order hierarchy (Fig. 6.3). For example, from second to sixth order channels mean local 
channel slope decreases by a factor of 100, specific stream power decreases by a factor of 
24, channel width increases by a factor of 9, mean valley bottom width increases by a 
factor of 26, and local catchment area increases by a factor of 69 (Table 6.3).  
 
There are interrelationships between the geomorphic characteristics studied (Fig. 6.4). 
For example, in the upland setting it is expected that as slope decreases catchment area, 
channel width and valley bottom width will increase and specific stream power will 
decrease downstream (Leopold and Miller, 1956; Gordon et al., 2004). Figure 6.4 explores 
the interrelationships between the geomorphic variables extracted at the SPs for all rivers 
and streams studied. Valley bottom width and channel width show the most scatter 
compared to the other variables (Fig. 6.4). For example, as catchment area increases it 
is expected that channel width will increase in response to the larger contributing area 
(Leopold and Miller, 1956), however, this is not a linear relationship and channels with 
large channel widths (e.g. >40 m) are recorded as having small (<50 km2) catchment 
areas (Fig. 6.4). One explanation of this is because of anthropogenic modification to river 
channel width. Channels can be widened or narrowed to stabilise the river, increase 
capacity and protect homes and infrastructure, therefore changing the natural 
downstream geometry laws (Knighton, 1998).  Similarly, valley bottom width shows 
scatter when compared to channel width and catchment area (Fig. 6.4). This scatter, 
again, could be attributed to anthropogenic activity influencing channel width or is 
related to local variability in catchment hypsometry influenced by the geological and 
glacial legacy which creates wider U-shaped valleys. The relationship between channel 
and valley width in Figure 6.4 could also indicate underfit streams which have undergone 
a drastic reduction of discharge following deglaciation or flow regulation and are now 
relatively small for the valleys they occupy (Dury, 1964; 1968). Identifying anomalies in 
the relationships between geomorphic variables is useful for interpreting planform 
adjustment patterns. 
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Figure 6.3. Mean geomorphic characterises extracted at the station points of the 270 rivers and 
streams studied in the Lake District study region plotted against stream order. Two regressions 
are plotted on mean channel length: the dotted line is the overall regression for the Lake District 
study region, the dashed regression line shows relationship of second to fourth order channels 
mean length (e.g. without the impact of waterbodies on channel length). Mean values and standard 
deviations are reported in Table 6.3.  
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Figure 6.4. Matrix plot showing interrelations between geomorphic variables extracted at the 
station points in the Lake District study region.  
 
This section has presented an overview of the geomorphic characteristics across all 17 
catchments studied in the Lake District. The mean geomorphic characteristics follow the 
expected stream order scaling laws (Leopold and Miller, 1956; Gordon et al., 2004). 
However, the presence of lakes in the upland sediment cascade disrupts the scaling 
pattern between channel length and stream order (Fig. 6.3). The interrelationships 
between the geomorphic variables (Fig. 6.4) highlighted that there is a not a clear 
relationship with valley bottom width, channel width or catchment area downstream. 
This can be explained by anthropogenic activity which can modify channel width or by 
variations in catchment hypsometry influencing valley bottom width. The next section 
discusses the variability in the geomorphic characteristics between the 17 catchments in 
the study region.   
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6.4.2  Between catchment variability in geomorphic characteristics  
This section compares the geomorphic characteristics between the 17 catchments studied. 
This is achieved by looking at statistically significant differences between the geomorphic 
variables extracted at the SPs between the catchments through one-way ANOVA and 
Tukey (HSD) tests (as discussed in Chapter 5). A description of the results of this analysis 
is presented for each geomorphic variable in Sections 6.4.2.1 – 6.4.2.5 and data tables of 
statistical differences are collated in Appendix C. Differences between catchment 
geomorphic variables are used to explain the spatial patterns of planform adjustment and 
stability. 
 
6.4.2.1  Local slope  
Slope influences the energy of a river and potential for sediment erosion, transfer and 
deposition and therefore planform adjustment (Knighton, 1998). Slope decreases through 
the stream order hierarchy, the box plots (Fig. 6.5) display the range of slope values by 
catchment. The mean channel slopes are steepest in the Haweswater (0.14 ± 0.11), 
Wasdale (0.13 ± 0.11), and Ennerdale catchment (0.11 ± 0.09). The lowest mean channel 
slopes were observed in the Duddon (0.04 ± 0.06), Caldew (0.05 ± 0.03) and Calder (0.06 
±  0.03) catchments.  
 
According to the stream order scaling laws (Leopold and Miller, 1956; Gordon et al., 
2004), (Fig. 6.3), mean slope values will differ between the stream orders (Leopold and 
Wolman, 1956; Gordon et al., 2004). One-way ANOVA showed statistical significant 
differences were present between second (p-value 0.000), third (p-value 0.000) and fourth 
(p-value 0.026) order channel mean slope values between all catchments. However, no 
statistical differences were found between mean slope values between fifth (p-value 0.948) 
and sixth (p-value 0.1835) order channels. This could be due to a fewer number of fifth 
and sixth order channels surveyed (Table 6.3), or the presence of lakes interrupting the 
stream order scaling.    
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Figure 6.5. Box plots showing local slope (-) extracted at each SP across the stream order network 
for each catchment in the Lake District study region.  
 
The Wasdale catchment had the highest number of statistical differences (n* = 7) in 
mean slope values in second order channels compared to the other catchments. There 
were fewer statistical differences identified between third order channel mean slope values 
across the catchments (n* = 6), 5 of these statistical differences were identified between 
the Wasdale catchment due to a larger range of third order slope values (0.02 – 0.28) 
compared to the other catchments (Fig 6.5). Haweswater and Calder catchments also 
showed statistically significant differences between third order mean channel slope values.  
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Calder had the lowest mean slope values (0.02 ± 0.002) in third order channels, whereas 
Haweswater had some of the steepest channel slopes (mean 0.09 ± 0.007). In fourth order 
channels statistical differences in mean channel slopes were identified between the 
Wasdale and Bassenthwaite catchment.  
 
The statistical analysis highlights that there are differences in channel slope between 
stream order and the catchments studied. The Wasdale and Haweswater catchments 
stand out and are characterised as having relatively steep channel slopes in comparison 
to the other catchments. Conversely, the Calder catchment has the lowest mean channel 
slopes compared to the other catchments (Fig. 6.5). Variability in slope will influence 
sediment continuity therefore it is expected that planform adjustment and stability will 
differ between catchments that have steeper and shallow channel slopes (Knighton, 1998; 
Richards, 1982).  
 
Catchment relief ratio (!") was calculated after Schumm (1956) to explore the variability 
in catchment slope between the 17 catchments studied in the Lake District:  
 !" = 	 %&      (1) 
 
where h is the difference between the elevation at the outlet of the catchment and the 
highest point on the drainage divide and L is the maximum length of the catchment, !" 
is dimensionless. The catchment relief ratios (Table 6.4) show the Wasdale (0.101) and 
Cawdale (0.108) catchments are the steepest catchments. In contrast the Bassenthwaite 
(0.034), Windermere (0.034) and Crummock (0.044) have the lowest relief ratios, these 
catchments have multiple valleys separated by lakes representing both upland and 
lowland valley systems, explaining the lower relief ratios (Table 6.4, Fig. 6.2).  
 
6.4.2.2  Local catchment area  
Catchment area influences the amount of water that flows into rivers (Knighton, 1999). 
Figure 6.6 displays the variability in local catchment area extracted at the SPs for each 
stream order and catchment. The general pattern shows that catchment area increases 
as stream order number increases, as expected with stream order scaling (Gordon et al., 
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2004; Hughes et al., 2011), (Fig. 6.6).  The Bassenthwaite and Windermere catchments 
have the largest range of catchment areas 0.1 – 250 km2, these are the only catchments 
with sixth order channels studied. In contrast, the Sleddale, Calder and Cawdale 
catchments have the smallest range of mean catchment areas across the stream order 
hierarchy (0.2 – 17 km2), only second and third order channels are studied in these 
catchments.  
 
However, the pattern is not linear in all catchments as the relationship between 
catchment area and stream order is related to catchment hypsometry (Fig. 6.6; Table 
6.3). Catchment hypsometry describes variations in catchment shape and elevation, this 
is determined by geological controls (e.g. resistance to erosion), and glacial ice extents 
which influence the shape and size of valleys (Stone et al., 2010). Therefore, it is expected 
that statistical differences will exist between stream order and catchment area between 
the catchments. One-way ANOVA showed statistically significant differences between 
the mean catchment areas for each stream order between the 17 catchments (p-value for 
second, third, fourth and fifth order channels = 0.000, p-value for sixth order channels = 
0.0087). In second order channels n* = 24, in third order channels n* = 30, in fourth 
order channels n* = 12, in third order channels n* = 3 and in fourth order channels n* 
= 1.  Overall, the highest number of statistical differences between stream order and 
catchment areas were identified between the Bassenthwaite, Calder, Caldew, Crummock, 
Wasdale, Ennerdale and all other catchments.  
 
The analysis highlights that there are statistically significant differences in catchment 
area between the 17 catchments studied. To explore this relationship further the form 
ratio (!') was calculated for the 17 catchments after Horton (1932):  
 !' = 	 (&)     (6.1) 
  
where A is catchment area (km2) and L is the maximum length of the catchment (km).  
 
Catchments with smaller form ratios will be narrower and elongated compared to 
catchments with high form ratios. The form ratio in elongated catchments is often 
indicative of the flood-regime of the river (Horton, 1932). In the Lake District study 
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region, elongated catchments identified were Sprint, Ennerdale, Crummock and Swindale 
(Table 6.4). In contrast, the Wasdale and Calder catchments display an irregular or bowl 
like shape (higher form ratio), these catchments show statistical differences in catchment 
area. In irregular and bowl shaped catchments form-ratio is not a sensitive indicator of 
the hydrologic characteristics (Horton, 1932). This analysis highlights that catchment 
area and shape varies considerably across the upland region and therefore hydrologic 
regime, and channel behaviour is likely to vary between catchments (Table 6.4).  
 
Table 6.4. Catchment area, maximum catchment length, form ratio, relief ratio and highest stream 
order for the 17 catchments studied in the Lake District upland region. 
 
Catchment  Catchment Area (km2) 
Maximum 
Length 
(km) 
Form ratio Relief ratio 
Highest 
stream 
order 
BASSENTHWAITE 361.8 26 0.54 0.034 6 
WINDERMERE 239.8 25 0.38 0.034 6 
ULLSWATER 146.6 17 0.51 0.046 5 
CONISTON 63.2 13 0.4 0.058 4 
CRUMMOCK 62.5 16 0.24 0.044 4 
ESK 54.6 10 0.55 0.081 4 
DUDDON 50 11 0.41 0.063 4 
WASDALE 45.4 9 0.56 0.101 5 
ENNERDALE 44.1 14 0.22 0.048 4 
CALDEW 33.9 10 0.34 0.070 4 
HAWESWATER 32.5 8 0.47 0.077 3 
CALDER 31.4 7 0.64 0.074 3 
SPRINT 27.7 11 0.22 0.058 4 
KENT 22.4 8 0.34 0.083 4 
SWINDALE 19.1 8 0.3 0.060 4 
SLEDDALE 11.6 6 0.36 0.054 3 
CAWDALE 7.8 4 0.49 0.108 3 
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Figure 6.6. Box plots showing range of catchment area values extracted at each SP across the 
stream order network across the 17 catchments in the Lake District study region. The 
Bassenthwaite, Windermere and all catchments box plots have been plotted on different axes as 
these have the largest range of catchment areas. 
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6.4.2.3  Valley bottom width 
Valley bottom width is determined by the geological and glacial history which set the 
catchment shape and floodplain extent (Wilson, 2010; Evans and McDougall, 2015). 
Valley bottom width determines the accommodation space available for the channel to 
migrate laterally, and therefore influences sediment continuity (Schumm, 1977; Church, 
1996; Fryirs et al., 2016; O’Brien et al., 2019; Joyce et al., 2020). In topographically 
confined headwaters lateral adjustments are less likely, in contrast where the valley 
bottom width increases planform adjustments are expected. There is variability in valley 
bottom width between the 17 catchments (Fig. 6.7). The catchments with the largest 
valley bottom widths in the Lake District study region are the Duddon (150 ± 145 m), 
Sprint (150 ± 95 m) and Bassenthwaite (140 ± 260 m) catchments. In contrast, the 
narrowest mean valley bottom widths were measured in the Calder 
(60 ± 40 m), Haweswater (70 ± 50 m) and Coniston (80 ± 90 m) catchments.  It is 
therefore expected that these catchments will display different patterns planform 
adjustment and stability over the past 150 years. 
 
Mean valley bottom width increases by a factor of 4.5 from second to sixth order channels 
in the Lake District study region (Table 6.3). Figure 6.7 shows the variability in valley 
bottom widths against stream order by catchment. Second order channels typically have 
narrow valley bottom widths (mean 27.4 ± 70 m), however, there are some outliers, and 
large valley bottom widths are observed in these channels, representing local floodplain 
pockets and may represent local sedimentation zones (e.g. in the Bassenthwaite, Esk, 
Wasdale, Sprint catchments), (Fig. 6.7).  Fourth and fifth order channels have the largest 
variability in channel width (range in fourth order channels, 4 – 1770 m, range in fifth 
order channels: 6.8 - 935 m), (Fig. 6.7).  
 
The Bassenthwaite catchment has some of the largest valley bottom widths observed 
through the stream order hierarchy compared to the other catchments studied (Fig. 6.7). 
For example, mean valley bottom width in second order channels is 20 ± 76 m and in 
sixth order channels is 839 ± 433 m in the Bassenthwaite catchment (Fig. 6.7). The 
Bassenthwaite catchment represent a complex-multi valley setting (with both upper and 
lower zones of the upland sediment cascade) with multiple lakes and lowland areas 
downstream of Keswick (Fig. 6.2). Therefore, the simple downstream geometry laws in 
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the Bassenthwaite catchment are less applicable.  In catchments with wide valley bottom 
widths it is expected that there is accommodation space for lateral planform adjustment 
and sediment deposition.   
Figure 6.7. Box plots showing the range of valley bottom width values extracted at each SP across 
the stream order network for the 17 catchments studied in the Lake District study region.  
 
One-way ANOVA was performed to see if there were statistically significant differences 
between valley bottom width and stream order. Statistically significant differences were 
recorded between second order valley bottom widths regionally (p-value 0.0141). But 
subsequent Tukey (HSD) analysis did not highlight any significant differences between 
valley bottom widths between catchments for stream orders ³3. One-way ANOVA 
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showed no statistical differences between mean valley bottom widths for third (p-value 
0.1482), fourth (p-value 0.0647), fifth (p-value 0.0973) and sixth order channels (0.1874). 
Therefore, the pattern of valley bottom width is relatively consistent through the stream 
order hierarchy between catchments in the study region despite variability in river 
network pattern and catchment shape (Fig. 6.2, Table 6.4). 
 
6.4.2.4  Channel width 
Channel width (measured from the 2010 air photograph) increases with stream order 
across the catchments studied (Fig. 6.3, Table 6.3) as expected downstream (Leopold and 
Wolman, 1956). The mean widest channel were observed in the Ennerdale (10 ± 12 m) 
and Coniston (8 ± 9 m) catchments, the mean narrowest channels were observed in the 
Haweswater (4 ± 2 m) and Cawdale (3 ± 3 m) catchments. Figure 6.8 displays the range 
of channel widths by stream order and catchment.  
 
One-way ANOVA highlighted statistical differences between stream order and channel 
width between the catchments (second order p-value = 0.000, third order p-value = 
0.0000, fourth order p-value = 0.0023, fifth order p-value = 0.0006); as expected with the 
stream order scaling laws (Leopold and Wolman, 1956; Gordon et al., 2005). No statistical 
differences were identified between mean channel width values in sixth order channels, 
likely due to the low frequency of rivers studied here (n = 2). 
 
In second order channels, 16 statistical differences in mean channel width were identified 
between the Coniston and other catchments. Second order channels in the Coniston 
catchment had a mean channel width of 8 ± 11 m, this is a factor of 3 greater than the 
mean width of second order channels observed in the other 16 catchments studied (Fig. 
6.8). Large channel widths were measured in second order channels near Coniston Copper 
Mines (NGR SD 289 985) where the channel flows through spoil heaps and sediment is 
directly delivered to the channel. This is discussed in further detail in Section 6.7. Hence, 
second order channel widths are disturbed by reach scale anthropogenic activity 
explaining the statistical differences.   
 
In third order channels, 19 statistically significant differences were identified between the 
catchments mean channel width. The highest number of statistically significant 
     Chapter 6 
173 
 
differences in channel width between the catchments were observed in the Ennerdale 
catchment (n* = 16). The Ennerdale catchment has relatively low human impact with 
few river channel constraints. Therefore, third order channels in the Ennerdale catchment 
could migrate laterally and interact and erode river banks contributing to the formation 
of sediment bars in the channel. Third order channels in the Ennerdale catchment had a 
mean channel width 20 ± 15 m, this is a factor of four greater than the mean width of 
third order channels observed in the other catchments studied.  Statistical differences 
were also observed in third order channels between the Bassenthwaite and Calder, Calder 
and Ullswater, and Ullswater and Coniston catchments.  
 
Figure 6.8. Box plots showing channel width (2010) variability by stream order and catchment 
across the Lake District study region.  
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Eight statistically significant differences were identified between catchment channel 
widths in fourth order channels in the Ennerdale catchment. Mean channel width in 
fourth order channels was 22 ± 12 m in the Ennerdale catchment, this is double the mean 
channel width observed in fourth order channels in the other study catchments. Fifth 
order channels had 2 statistically differences observed between Bassenthwaite, Ullswater 
and Windermere catchments. However, the smaller number of statistical differences 
identified in fourth and fifth order channels could be due to a fewer number of fourth, 
fifth channels surveyed across the 17 catchments (Table 6.3).  
 
The analysis highlights that channel width scales with stream order, however there is 
local variability between the 17 catchments. For example, the Ennerdale and Coniston 
catchments have some of the largest channel widths studied (Fig. 6.8). This is attributed 
to anthropogenic activity in the Coniston catchment (mining) and natural channel-bank 
and floodplain interactions (low anthropogenic modification) in the Ennerdale catchment.  
 
6.4.2.5  Unit specific stream power   
Specific stream power defines the energy expenditure through a river system and therefore 
can be used as a diagnostic for understanding the patterns of sediment transfer, erosion 
and deposition (Bagnold, 1966; Baker and Costa, 1987; Knighton, 1999; Thompson and 
Croke, 2013; Marchi et al., 2016; Martínez-Fernández et al., 2019). Mean unit specific 
stream power decreases through the stream order hierarchy from 628  ± 430 W m-2 in 
second order channels to 27 ± 13 W m-2 in sixth order channels (Table 6.3). The highest 
specific stream power values were measured in the Cawdale catchment (900 ± 600 W m-2), 
(Fig. 6.9), this catchment had the narrowest mean channel widths (Fig. 6.8). The Sprint 
(300 ± 260 W m-2) and Duddon (250 ± 200 W m-2) catchments had the lowest mean 
specific stream power values. The Duddon catchment had one of the lowest mean slope 
values (Fig. 6.5). It is therefore expected that these catchments will display different 
patterns of planform adjustment and stability. For example, in catchments with lower 
specific stream powers, sediment deposition is expected resulting in a higher frequency of 
in-channel bars.  
 
One-way ANOVA identified statistically significant differences in second order channels 
(p-value 0.000) and third order channels (p-value 0.0015) specific stream power values 
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across the catchments studied (Fig. 6.9). In second order channels, the highest number 
of statistical differences between specific stream order values were identified between 
Cawdale and the other 16 catchments studied (n* = 13). Mean specific stream power in 
second order channels was highest in Cawdale (1294 ± 366 W m-2) compared to the other 
catchments (Fig. 6.9). In third order channels, 3 significant differences in specific stream 
power were identified between Calder and Haweswater, Ennerdale and Haweswater, and 
the Ennerdale and Windermere catchments. Third order channels in the Ennerdale 
catchment had a lower, narrow range of specific stream power values (mean specific 
stream power 128  ± 126 W m-2, Fig. 6.9) compared to the other catchments. No 
statistically significant differences were identified in specific stream power between 
fourth, fifth or sixth order channels across the study region.  This analysis shows there 
is catchment variability in specific stream power values (Fig. 6.9), which will influence 
sediment continuity and therefore the potential for planform adjustment and stability. 
The relationship between specific stream power and planform adjustment will be explored 
further in Section 6.6.  
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Figure 6.9. Unit specific stream power variations by catchment and stream order calculated at the 
station points in the study region.  
 
6.4.2.6  Bedrock and superficial geology 
Geology partly controls the availability, type and erodibility of sediment and therefore 
influences the potential for planform adjustment (Schumm, 2005). Chapter 3 summarises 
the main bedrock and superficial geologies for the Lake District upland region. This 
section describes the bedrock and superficial geologies between the 17 catchments studied. 
It is important to consider the spatial variability in geology across the region as this will 
influence the patterns of planform adjustment and stability mapped over the last c. 150 
years (Section 6.6).  
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The bedrock structural geology determines the Lake District radial drainage pattern 
(Mill, 1895). The Borrowdale Volcanics are the dominant bedrock geology in the central 
Lake District upland study region (Stone et al., 2010; Wilson, 2010) and therefore all of 
the catchment headwaters studied begin in the Borrowdale Volcanics geological zone. 
Igneous Borrowdale Volcanics dominate the bedrock geology coverage in the Duddon 
(97 %), Wasdale (93 %) and Cawdale (90 %). The Caldew (81 %), Crummock (80 %) 
and Bassenthwaite (60 %) catchments are dominated by the Skiddaw group and erodible 
sedimentary rocks (Figs. 6.10). The Ennerdale catchment is dominated (47 %) by the 
Ordovician felsic plutonic intrusion into the Skiddaw Group and the Borrowdale Volcanic 
Group and comprises of medium-grained resistant granophyric granite and microgranite, 
with zones of diorite, dolerite and hybridised rocks (British Geological Survey, 2016). The 
Kendal group is the dominant bedrock geology in the Sprint (40 %) catchment comprising 
of erodible siltstone, mudstones and sandstones (Fig 6.10), (British Geological Survey, 
2016). The bedrock geology was eroded by glacial activity during the Quaternary, 
creating U-shaped valleys and over-depended glacial troughs (Wilson, 2010; Evans and 
McDougall, 2015), which determines the drainage pattern, channel slope and valley 
bottom width. The influence of bedrock geology on planform adjustment and stability 
will be discussed further in Section 6.6.  
 
The spatial variability in superficial geology is important for understanding the types of 
sediment in upland channels and the potential patterns of planform adjustments 
(Knighton, 1998). Figure 6.11 summarises the superficial geologies across the Lake 
District region, where superficial geology is not present it indicates the presence of 
bedrock outcrops (British Geological Survey, 2016). The Coniston catchment has the 
lowest percentage coverage (24 %, Fig. 6.11) of superficial geology indicating that this 
catchment is dominated by bedrock outcrops of the Coniston group slates, Borrowdale 
Volcanics and erodible sedimentary rocks of the Kendal group (Fig. 6.10). In contrast, 
the Cawdale catchment has the highest percentage of the catchment area (79 %) covered 
by superficial geologies (Fig. 6.11), this was the smallest catchment studied (Table 6.2).  
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Figure 6.10. Bedrock geology sedimentary and igneous classes by catchment in the Lake District 
study region (data source: British Geological Survey, 2015).  
 
Glacial deposits (diamicton, clay sand, gravel) are the most frequent superficial geology 
observed across the Lake District study region (Fig. 6.11) reflecting the glacial legacy 
(Wilson, 2010; Evans and McDougall, 2015). Glacial sediments contribute mixed sized 
sediments to the channel, which are re-worked during daily flows and flood events.  
Organic deposits (peat) coverage is largest in Sleddale (41 %), Swindale (27 %), and 
Caldew (25 %) catchments (Fig. 6.11). Peat erosion has been shown to be an important 
influence on sedimentation in gravel-bed rivers and narrow peatland streams (Evans and 
Warburton, 2001) therefore in peat catchments (e.g. Sleddale) it is expected that in-
channel sediment deposition and bar formation will occur, which can cause local increases 
in channel width.   
 
Mass movements (landslip, talus, head and dry valley deposits) are most frequent in the 
Ennerdale (17 %) and Wasdale (14 %) catchments (Fig. 6.11). If mass movements are 
coupled to the channel they will provide a source of sediment and influence planform 
adjustment (Harvey, 1991; Harvey, 2001). The Ennerdale catchment has the highest 
percentage of mass movements, if these mass movements are connected to the channel 
they can contribute to in-channel sedimentation, which locally redirects flows to the bank 
causing bank erosion, explaining the large channel widths recorded (Fig. 6.8). For 
example, Figure 6.12 shows the variability in channel widths extracted at the SPs and 
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superficial geology types across the 17 catchments. In the Ennerdale catchment channel 
widths are largest in fluvial sediments (19 ± 15 m), and second largest where mass 
movements are present (6.4 ± 3 m). Therefore, catchment scale geologies may be useful 
for interpreting channel characteristics and planform adjustment and stability. However, 
at the regional scale bedrock and superficial geologies are highly varied and therefore are 
expected to be a poor discriminatory variable for planform adjustment. 
 
 
Figure 6.11. Superficial geology by catchment in the Lake District study region (British Geological 
Survey, 2016). Total percentages are <100% as superficial deposits are not present where the 
bedrock geology is exposed. 
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Figure 6.12. Channel width and superficial geology type extracted from the SPs for the 17 
catchments studied.  
 
6.4.2.7  Land cover  
Land cover influences surface runoff and sediment availability in a catchment, and 
therefore the potential for adjustment (Millar, 2000; Crosota and Saleh, 2011; Vargas‐
Luna et al., 2019). For example, in woodland dominated catchments, it is expected that 
there will be low sediment yields and relative channel stability due to cohesion of surface 
sediments by tree roots (Hey and Thorne, 1986; Gurnell, 2014).  Land cover is a 
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categorical variable and is extracted at planform adjustment locations in Part 3 of the 
methodology, therefore this section describes the land covers across the 17 catchments 
studied (Fig. 6.13). The dominant land covers across the Lake District upland study 
region are acid grassland (60 % coverage, 750 km2), improved grassland (14 % coverage, 
180 km2), and broadleaf woodland (7 % coverage, 95 km2), (Fig. 6.13).  Due to the low 
percentage of woodland coverage a high rate of sediment delivery to the channels is 
expected (Chiverrell, 2006; Hatfield and Maher, 2009).  
 
Vegetation in the riparian zone increases bank stability, and catchment wide vegetation 
helps to reduce sediment delivery from catchment hillslopes and therefore major 
adjustments are not expected in forested catchments (Hey and Thorne, 1986; Gurnell 
2014). The coarse resolution (25 m) of the LCM means riparian vegetation might not be 
captured in the LCM, however, this dataset provides a generalised overview of the main 
land cover types appropriate in a regional scale analysis. Broadleaf and coniferous 
woodland occupy the largest areas in the Ennerdale (23 %), Windermere (23%) and 
Coniston (22 %) catchments (Fig. 6.13). Therefore, it was expected that these catchments 
would have the narrowest channel widths. However, in the Ennerdale and Coniston 
catchments some of the largest channel widths were observed (Fig. 6.8) suggesting that 
there are other factors influencing channel stability (e.g. sediment supply, anthropogenic 
activity) in these catchments. For example, in the Coniston catchment, large channel 
widths were measured in second order channels near Coniston Copper Mines (NGR SD 
289 985) where the channel flows through spoil heaps and sediment is directly delivered 
to the channel. In the Ennerdale catchment, the wide channel planform pattern was 
established (1860s) prior to rewilding and coniferous tree planting which began in the 
late 1920s evidenced in the Ordnance Survey historic maps. Therefore, rewilding and 
woodland coverage in the Ennerdale catchment does not have a significant impact on 
channel widths.   
 
Upland peat catchments have been reported as some of the most actively eroding 
catchments (Stott, 1997; Evans et al., 2006), this may contribute to high river sediment 
yields and planform adjustment in these catchments (Fig. 6.13).  Heather percentage 
coverage is highest in the Caldew (33 %) and Sleddale (22 %) catchments, these 
catchments have managed moorlands and a high percentage of organic deposits. Heather 
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catchments were associated with the narrowest channel widths (5 ± 3 m) in the Lake 
District. Suburban areas are present across the region however, are largest in the lower 
floodplain valley in the Bassenthwaite (1 %) and Windermere (3 %) catchments and will 
have a local impact on planform adjustment and stability (Fig. 6.13). Rivers in suburban 
areas are likely to have a legacy of management to protect homes and land from flooding 
(Wohl, 2015). Channel management will therefore influence river stability, for example, 
reinforced river banks and flood protection walls will disconnect the channel from 
floodplains and prevent lateral planform adjustment. Therefore, it is expected that bar 
adjustments will be frequent forms of adjustment in suburban areas and only during 
extreme events will large scale boundary adjustments be observed. The following section 
discusses river management across the 17 catchments.   
 
Figure 6.13. Land cover type by catchment in the Lake District study region (Data source: 
Rowland et al., 2017).  The other category includes: freshwater, urban, inland rock, fen marsh 
and swamp, arable and horticulture, bog and represent less than 20% of the total catchment area.   
 
6.4.2.8  Managed rivers 
Figure 6.14 displays the spatial pattern of rivers managed in the Lake District study 
region. The total length of managed rivers is 200 km, approximately 33 % of the total 
length of rivers studied. The pattern and extent of rivers managed is likely to be an 
underestimate as river modifications are poorly documented and difficult to identify from 
remote sensed data. 
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Figure 6.14. Estimated percentage of river channel length managed for the 17 catchments in the 
Lake District study region.  
 
There is regional and catchment scale variability in river management (Fig. 6.14). The 
Sprint catchment has the highest percentage (62 %) of channels mapped as managed. In 
the Sprint catchment, the channels have been resectioned and there is evidence of flood 
embankments in the historic maps and air photographs. In the lower Bassenthwaite 
catchment, 45 % of the river length studied is mapped as managed, this is a result of 
channel realignment, resectioning, bank reinforcement, flood protection structures and 
flow regulation from reservoirs (e.g. Thirlmere). River management in the Bassenthwaite 
catchment aims to protect homes and infrastructure from flooding. In contrast, 
Ennerdale, Calder, Caldew and Cawdale catchments have the lowest percentage of rivers 
mapped as managed. For example, in Ennerdale 6 % of channel lengths are mapped as 
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managed (Fig. 6.14), this is due to the presence of reinforced banks and structures (e.g. 
bridges) across the channel.  
 
The mean percentage of channel length mapped as managed increases through the stream 
order network across all catchments (Fig. 6.15). The mean percentage of channel length 
mapped as managed in second order channels is:  5 ± 18 %, in third order channels 
21 ± 32 %, in fourth order channels 73 ± 32 %, in fifth order channels 92 ± 23 %, and in 
sixth order channels is 100 %. In the Bassenthwaite, Coniston, Crummock, Duddon, 
Kent, Ullswater and Windermere catchments there is evidence of modification on all 
stream order channels (Fig. 6.15). In contrast, in the Calder, Caldew, Ennerdale, Esk, 
Haweswater, Sleddale, Sprint, Swindale and Wasdale catchments modification is 
concentrated on the higher order channels (third – fifth order channels), (Fig. 6.15).  
 
There are statistically significant differences between the mean geomorphic 
characteristics of managed and natural river reaches in the study region (Table 6.5 and 
Fig. 6.5). For example, managed reaches have larger valley bottom widths, wider channels 
and lower channel slopes than natural reaches (Table 6.5). Managed channels have wider 
channel widths than natural channels because, firstly, management focuses on higher 
order channels which have larger channel widths than headwater (second or third order) 
streams; and secondly in some locations river management may involve over-widening 
the channel to increase capacity.  
 
Table 6.5. Mean geomorphic characteristics of managed and natural SPs across the 17 catchments 
in the Lake District upland region (managed SP n = 373, natural SP n = 986).  
 
 
 
 
 
 
 
 
 
  Managed Natural 
  Mean Std. Dev. Mean Std. Dev 
Valley bottom width (m) 210 270 50 110 
Channel width 2010 (m) 8 6 4.8 5 
Specific stream power (W m-2) 220 245 550 430 
Local slope (-) 0.03 0.05 0.10 0.09 
Catchment area (km2) 20 37 4 8 
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River management is focused on high order channels in the study region which are 
characterised as having large valley bottom widths (Figs. 6.7, 6.14). In natural systems, 
large valley bottom widths provide accommodation space for lateral planform adjustment 
(Schumm, 1977; Fryirs et al., 2016; O’Brien et al., 2019). However, lateral planform 
adjustments are restricted in high order channels in the study region due to modification 
(e.g. embankments, resectioning, flood defences) (Fig. 6.15) to protect valuable 
agricultural land and settlements. Therefore, in managed high order channels the spatial 
pattern and type of planform adjustment will vary from the natural expected downstream 
geometry laws. Understanding the location and presence of modifications to the river 
network is important for understanding the pattern of planform adjustments which will 
be discussed in Section 6.6. 
 
 
Figure 6.15 Mean percentage of channel length mapped as managed by stream order for each 
study catchment in the Lake District.  
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6.4.2.9  Summary of river and catchment geomorphic characteristics  
Section 6.4.1 has presented the geomorphic characteristics of the rivers and catchments 
studied in the Lake District. The geomorphic characteristics: slope and specific stream 
power decrease, whereas, valley bottom width, channel width, catchment area increase 
through the stream order hierarchy, as expected according to stream order scaling laws	
(Leopold and Wolman, 1956; Gregory et al., 2004, (Table 6.3, Fig. 6.3). Catchment area 
(Fig. 6.6) showed the greatest number of statistical differences between the catchments 
due to variability in catchment shape (form ratio). Catchment form ratio is controlled 
by geological and glacial controls operating over the last millennium which have eroded 
a radial drainage pattern, and created U-shaped valleys with elongated or sphere shaped 
catchments. Therefore, catchment area is unlikely to be a suitable predictor of regional 
patterns of adjustment and stability. In contrast, no statistical differences were found 
between stream order and valley bottom width between the 17 catchments. Catchment 
to catchment comparisons have highlighted that there are differences between the 
geomorphic characteristics of the 17 catchments which influences the potential for 
adjustment. The following catchments were highlighted for their differences: 
 
• Haweswater (32.5 km2) has the mean steepest channels (0.14 ± 0.11), but narrow 
mean channel widths (4 ± 2 m), and mean valley bottom widths (70 ± 50 m). 
Mean specific stream power was highest in third order channels (530 ±  260 W m-2) 
in the Haweswater catchment. 
• Wasdale (45 km2) has mean steep channel slopes (0.13 ± 0.11) and a high number 
of statistical differences between the other catchments. The catchment had the 
second largest area coverage of mass movements (14 %).  
• Calder (31 km2) has the mean narrowest valley bottom widths (60 ± 40 m) and 
lowest channel slopes (0.06 ±  0.03).  
• Ennerdale (44 km2) has steep mean channel slopes and the mean largest channel 
widths (10 ± 12 m). The catchment has an elongated shape and form ratio of 
0.22. The catchment land cover is dominated by woodland. Mass movements 
occupy 17 % of the catchment area and if connected to the channel could provide 
an important sediment source to the channel. The catchment is dominated (47 %) 
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by the Ordovician felsic plutonic intrusion into the Skiddaw Group and the 
Borrowdale Volcanic Group. 
• Coniston (63 km2) has the mean widest second order channels (8 ± 11 m), this is 
3 times the mean width of second order channels observed in the other 16 
catchments due to anthropogenic modifications (presence of spoil heaps). Over 
50 % of the channels are mapped as managed in the Coniston catchment.  
• Cawdale (8 km2) is the smallest catchment studied. It has the narrowest channel 
widths (3 ± 11 m) and narrow mean valley bottom (30 ± 50 m) and highest 
specific stream power values (900 ± 600 W m-2), the catchment has one of the 
lowest percentages of channel length mapped as managed.  
• Bassenthwaite (362 km2) and Windermere (240 km2) catchments represent the 
upper and lower zones of the upland sediment cascade with the lowest relief ratios 
These catchments have large valley bottom widths (Fig. 6.7) and the highest 
percentage of land cover categorised as suburban and over 40 % of the rivers show 
evidence of anthropogenic modification.  
 
The above list highlights the catchments where there are significant differences in 
geomorphic variables and therefore it is expected that these catchments will have 
different patterns of erosion, sediment transfer and planform adjustment over the last 
c. 150 years in the upland region. For example, catchments with large valley bottom 
widths and channels connected to mass movements (e.g. Ennerdale) are hypothesised to 
have a high sediment supply, and accommodation space for lateral planform adjustment. 
Therefore, catchments with these characteristics are expected to display a higher 
frequency of adjustments, in particular boundary adjustments such as avulsions. In 
contrast, catchments with steep channel slopes, high specific stream powers and 
topographically confined channels (e.g. Haweswater) are expected to display a high degree 
of sediment continuity and relative 2D planform stability. The following section (Section 
6.5) discusses the types of planform adjustments extracted in Part 2B of the methodology 
(Fig. 6.1) over the last c. 150 years. This is followed by Section 6.6, which links the 
patterns of planform adjustments to the geomorphic characteristics. 
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6.5  Patterns of adjustment and stability over the past c. 150 years  
Part 2B of the methodology involves identifying channel planform adjustment types and 
stable reaches over the last c. 150 years (Fig. 6.1). In total, over all time epochs studied 
(intermediate periods: 1860s – 1950s, 1950s – 1980; 1980 – 1995; 1995 – 2004; 2004-2010; 
full period: 1860s – 2010) 29,832 stable and adjusting reaches were mapped. This section 
aims to describe the pattern of planform adjustments mapped. Section 6.5.1 firstly 
presents the results of the full period analysis (1860s – 2010) and discusses the differences 
in planform adjustment patterns between the 17 catchments studied. Section 6.5.2 
explores the variability in planform stability over the intermediate periods across the 
study region.  
 
6.5.1  Planform adjustment and stability over the full period (1860s – 2010) 
The full period analysis compares channel planform from the 1860s historic map to the 
2010 air photograph of the Lake District study region. The full period analysis therefore 
captures planform change over the last c. 150 years. Over this period, the total length of 
adjusting reaches mapped was 128 km (21 %) and stable reaches was 470 km (79 %). 
 
Regionally, channel planform stability decreases through the stream order hierarchy over 
the full period, as expected with increasing channel width, sediment supply, catchment 
area and valley bottom width. The mean percentage of channel length mapped as stable 
is: 89 ± 16 % for second order channels, 75 ± 17 % for third order channels, 78 ± 17 % 
for fourth order channels, 74 ± 28 % for fifth order channels and 73 ± 26 % for sixth 
order channels. Therefore, there is a decrease in sediment continuity evidenced by an 
increase in planform adjustment activity downstream through the USC.  
 
The mean length and frequency of planform adjustment and stability measured for the 
full period of analysis is summarised in Table 6.6. Bar adjustments are the most frequent 
forms of adjustment mapped, with the shortest mean length (Table 6.6). This result is 
to be expected given that the bar can be regarded as the fundamental geomorphic unit 
in fluvial systems (Nicholas et al., 1995; Church and Rice, 2009; Rice et al., 2009; Reid 
et al., 2020) and its morphodynamics indicate the state of sediment flux (continuity) 
within a particular river reach. Boundary adjustments are the longest adjustment and 
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therefore affect the largest percentage of the river channel and include avulsions, cut offs 
and straightening (Table 6.6).   
 
Table 6.6. Mean length (m) and frequency of adjustment and stable reaches for the full period 
(1860s – 2010) in the Lake District study region. 
 
 
 
 
 
 
 
 
Planform adjustment categories identified often occurred as combined processes (e.g. bar 
and bend adjustments). Over the full period of analysis, 903 planform adjustments (22 % 
of total number of adjustments mapped) occurred in combination with another form of 
adjustment. Of the total number of combined adjustments 53 % (n = 480) were bar and 
bend adjustments, 31 % were bar and boundary adjustments (n = 283), 12 % (n = 112) 
were bar and width adjustments, 3 % (n = 26) were bar, boundary and width 
adjustments, 2 % (n = 14) were boundary and with adjustments, and 2 % (n = 14) were 
different combinations of bar adjustments (i.e. bar accretion and bar reorganisation). 
This highlights that combined adjustment categories will have similar geomorphic 
characteristics and therefore may affect the identification of the controls discussed in 
Section 6.6. The following section discusses the between catchment patterns of 
adjustment and stability over the full period. 
 
6.5.1.1  Full period (1860s – 2010) between catchment variability  
There is between catchment variability in the percentage of rivers and streams mapped 
as adjusting or stable in the Lake District over the full period (Fig. 6.16). The Ennerdale 
and Wasdale catchments have the highest percentage of channel length mapped as 
adjusting (37 %, 8 km in Ennerdale and 32 %, 8 km in Wasdale), (Fig. 6.16B). In contrast, 
the Kent catchment has the lowest percentage of channel lengths mapped as adjusting 
(10 %, 1.2 km) over the full period (Fig. 6.16B). 
 Length (m) Frequency  
 Mean Std. Dev. n 
Bar adjustment 25 31 3464 
Bend adjustment 56 38 501 
Boundary adjustment 132 131 240 
Width adjustment 108 100 92 
Stable 169 314 2776 
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Figure 6.16. Planform adjustment and stable reaches 1860s – 2010 in the Lake District study 
region. (A) Spatial pattern of adjustment and stable reaches across the 17 study catchments. (B) 
Total percentage of channel length mapped as adjusting or stable by catchment. 
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Figure 6.17. Mean percentage of total channel length mapped as stable or adjusting by stream 
order and catchment for 1860s – 2010 period.  
 
In the Bassenthwaite, Wasdale, Calder and Ennerdale catchments there is a downstream 
increase in the mean percentage of channel mapped as adjusting by stream order (Fig. 
6.17). However, in the Crummock, Caldew, Coniston, Duddon, Esk, Kent, Sprint, 
Swindale, Ullswater and Windermere catchments there is a decrease in the mean 
percentage of channel length mapped as adjusting in the highest stream order channel 
(Fig. 6.17). A decrease in adjustment length downstream indicates a local increase in 
channel stability, this could be due to an increase in channel management restricting 
lateral adjustment in high order channels in these catchments (Fig 6.14).  
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Figure 6.18 displays the frequency and length of planform adjustments per catchment.  
The Bassenthwaite, Windermere, and Ullswater catchments have the highest frequency 
of planform adjustment for the full period (Fig. 6.18), these catchments have the highest 
total number of rivers studied and largest catchment areas (Table 6.2). Cawdale has the 
lowest number of adjustments and stable reaches mapped (n = 24), this is the smallest 
catchment studied with the narrowest channel widths. Bend adjustments in the Cawdale 
catchment had the highest frequency for the full period (n = 12), (Fig. 6.18). Bar 
adjustments, boundary and bend adjustments were observed across all catchments (Fig. 
6.18). No major singular width adjustments (e.g. >50 % change in channel width) were 
observed in the Cawdale or Swindale catchments over the full period (Fig. 6.18).  
 
Figure 6.18.  Frequency (A) and mean length (B) of adjustment and stable reaches for 1860s – 
2010 period by catchment in the Lake District study region.   
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Stable reaches made up the greatest proportion of channel length in all catchments, 
followed by boundary adjustments (Fig. 6.18B).  The mean length of boundary 
adjustments was highest in the in the Coniston catchment (363 ± 170 m), in contrast in 
the Caldew catchment boundary adjustments have the shortest mean length (61 ± 41 m), 
(Fig. 6.18B). Width adjustments had the mean longest length in the Wasdale catchment 
(175 ± 172 m) and shortest lengths in the Ullswater (39 ± 10 m) and Crummock (38 ± 
14 m) catchments. Bar adjustments had the longest length in the Ennerdale (83 ± 81 m 
catchment, and lowest in the Cawdale catchment (5 ± 3 m), which also had the lowest 
frequency of bar adjustments (n = 3), (Fig. 6.18B).  
 
Figure 6.19 and 6.20 summarise the frequency and mean length of planform adjustments 
by stream order and catchment for the 1860s – 2010 period. In Cawdale, second order 
channels are mapped as stable. In second order channels in the Kent catchment bar 
adjustments are the only adjustment mapped, with a mean length of 11 ± 4 m. No bend 
adjustments are mapped in third order channels in the Kent catchment. In the Sleddale 
catchment, bar and bend adjustment are most frequent in second order channels, 
however, these have a small mean length and stable reaches dominate.  Third order 
channels in the Ennerdale catchment have the highest number of major width 
adjustments mapped (n = 9).  Downstream, in fourth, fifth and sixth order channels 
boundary adjustment frequency and mean length of adjustments decrease, this could be 
due to the presence of lakes truncating channel length or anthropogenic modifications in 
lower floodplain valley setting restricting adjustment. In the Ullswater, Coniston, and 
Esk catchments no boundary adjustments were observed in fourth order channels over 
the full period (Figs. 6.19, 6.20). Therefore, there is between catchment variability in the 
length and type of planform adjustment identified over the full period (Figs 6.19, 6.20).  
 
The full period analysis provides an overview of planform adjustment across the upland 
region over the last c. 150 years. The Ennerdale and Wasdale catchments were 
highlighted as active catchments, showing the highest percentage of adjustment (Fig. 
6.16). In contrast, the Sleddale and Kent catchments showed relative stability, 
particularly in second order channels where the majority of the channels are mapped as 
stable (Fig. 6.17). This data will be compared to river and catchment geomorphic 
characteristics in Section 6.7 to identify the controls on adjustment and stability.  
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6.5.2  Intermediate periods planform adjustment and stability 
The spatial pattern of planform adjustment for the region across the intermediate and 
full periods of analysis is shown in Figure 6.21. The 1860s-2010 full period data is included 
in Figure 6.21 for comparison. The full period analysis shows a similar pattern of 
percentage adjustment to the intermediate periods and therefore indicates that the full 
period provides a representative overview of planform adjustment and stability over the 
period of measured change.  
 
In the study region, catchments showing persistent adjustment and/or stability can be 
readily identified from the temporal analysis. For example, the Ennerdale catchment 
shows the highest percentage of channels mapped as adjusting in the 1950s-1980, 1995–
2004 and 1860s–2010 period (Fig. 6.22). In the 1860s – 1950s, and 1980–1995 and 2004-
2010 the Ennerdale catchment has the second highest percentage of channels mapped as 
adjusting (Fig. 6.22). Similarly, the Wasdale (mean adjustment length = 23 %) and 
Calder (mean adjustment length = 22 %) catchments have a high percentage of channels 
mapped as adjusting over all time periods (Fig. 6.22).  
 
In contrast, there are some catchments, which show particular epochs with increases in 
the percentage of adjustments, which could be due to local catchment scale variability in 
flood events or anthropogenic activity (Fig. 6.22). For example, in the Duddon 
catchment, over the 1980 – 1995 period, the highest percentage of channel length mapped 
as adjusting (33 %) is recorded (Fig. 6.22). In the previous two epochs studied (1860s – 
1950s, and 1950s – 1980) the Duddon catchment was relatively stable with less than 6 % 
of channels mapped as adjusting. The increase in the percentage of channels mapped as 
adjusting in the Duddon catchment is observed in third order channels, this jump could 
be attributed to the changing resolution of data sources used (comparison between 
historic map and air photograph) or related to local catchment forcing (e.g. flood event, 
anthropogenic activity). After the 1980-1995 period the Duddon catchment lies amongst 
the top 5 catchments with the highest percentage of channels mapped as adjusting in the 
1995 – 2004 and 2004-2010 periods, suggesting there has been a local change in exogenic 
or endogenic forcing influencing sediment continuity following the 1860s-1950s period. 
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Figure 6.21. Spatial patterns of planform adjustment and stability over all time periods studied in the Lake District upland study region. Percentages indicate the total length of channels mapped as 2D stable or adjusting.  
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Figure 6.22. Total length of channels adjusting by catchment over all time periods in the Lake 
District Study region. Blue triangles indicate the mean percentage of channels mapped as adjusting 
by catchment. Data is ranked by mean adjustment percentage over all time periods.  
 
The Sleddale (mean length adjusting = 5 %), Kent (mean length adjusting = 6 %) and 
Haweswater (mean length adjusting = 6 %) catchments have the lowest percentage of 
channels mapped as adjusting and show consistent 2D planform stability over all time 
periods (Fig. 6.22). The Coniston catchment had the lowest percentage of channel 
mapped as adjusting (5 %) during 1950s – 1980 (Fig. 6.22). However, in the preceding 
epoch (1860s – 1950s) the percentage of channel mapped as adjusting in Coniston was 
double (11 %) the 1950 – 1980 percentage.  Planform adjustment during 1860s – 1950s 
is concentrated in second order channels and could be a result of anthropogenic activity 
and Copper works peak production during the 1850s – 1870 period. The low level of 
activity in 1950 – 1980 period could indicate the system has recovered in response to 
anthropogenic activity and has reached a new equilibrium, or the channel has been 
artificially modified to reduce channel activity.  
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6.5.2.1  Artificial planform adjustments 
It is important to recognise that planform adjustments mapped over the last c. 150 years 
might not all be ‘natural’ and can be a result of direct anthropogenic activity (Brookes, 
1988). For example, channels have been historically straightened and widened to increase 
channel capacity (Brookes, 1988) and may be mapped as lateral expansion or avulsions. 
Direct anthropogenic planform adjustment is difficult to identify in historical sources 
(and often pre-dates the earliest historical maps), but can often be identified where there 
is an abrupt change in channel planform, for example, where a channel had a historical 
sinuous course and now has a straight planform. Anthropogenic adjustments most 
commonly occur in high order channels in populated areas to protect settlements from 
flooding. When planform adjustments were mapped (Part 2B, Fig. 6.1) it was noted if 
an adjustment appeared to be artificial. This is likely to be an underestimate of 
anthropogenic adjustments, but provides additional context for interpreting the patterns 
of adjustment and stability observed across the study region.  
 
Over all time periods studied 144 adjustments were recorded as artificial, affecting a 
mean 7 ± 10 % of the river channel length. Artificial adjustments included major changes 
in channel planform such as avulsion (or re-routing), (n = 97), width adjustment (n = 
32) and bend adjustments (n = 15). The highest frequency of artificial adjustments was 
observed in lowland catchments that have a higher percentage of managed rivers (Fig. 
6.14). For example, the number of artificial adjustments in Bassenthwaite was 58, in 
Windermere was 31, and in Ullswater was 12. It is important to recognise that a 
proportion of the planform adjustments mapped may be artificial and this will influence 
the correlations between planform adjustment type and geomorphic characteristics 
discussed in Section 6.6. 
 
6.5.3  Summary of temporal pattern of adjustment and stability  
This section has presented the temporal patterns of planform adjustment and stability 
across the 17 catchments in the Lake District study region extracted from Part 2B of the 
methodology (Fig. 6.1).  Over the full period of analysis (1860s-2010) 21 % of channels 
studied were mapped as adjusting. Spatially, catchments of persistent adjustment 
identified in the upland region include: Ennerdale, Wasdale and Calder. Catchments of 
persistent stability include: Haweswater, Sleddale, and Kent. Over the intermediate 
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periods there is catchment variability in the percentage of adjustment and stability (Figs. 
6.21, 6.22) For example, in the Coniston catchment the highest percentage of channel 
length mapped as adjusting was observed over the 1860s – 1950s period. In contrast, in 
the Duddon catchment there was a spike in the percentage of channel mapped as 
adjusting over the 1980 – 1995 period, indicating temporal variability in patterns of 
adjustment. The temporal analysis presents a ‘snapshot’ of river planform adjustment 
over the period of the last c. 150 years and is useful for exploring the dominant patterns 
of channel stability using the best available historical data.  The following section 
(Section 6.6) aims to identify the geomorphic characteristics influencing the different 
patterns of planform adjustment types mapped spatially over the period of measured 
change.   
 
 
6.6  Geomorphic characteristics of adjustment and stable reaches  
The objective of this section is to use the data collected and discussed in Section 6.4 and 
6.5 to consider the geomorphic variables influencing the location and extent of planform 
adjustment and stability. It is hypothesised that adjusting reaches will have differing 
characteristics (e.g. channel width, valley bottom width, specific stream power and slope) 
to stable reaches.  
 
6.6.1  Regional patterns: slope, valley bottom width, channel width, stream power 
and catchment area influence on planform adjustment and stability  
A one-way ANOVA identified a statistically significant difference (p value <0.05) 
between geomorphic characteristics: valley bottom width, channel width, slope and 
specific stream power between stable and adjusting reaches (Table 6.7). Figure 6.23 
displays the variability in geomorphic characteristics for adjustment and stable reaches 
for the full dataset.  
 
Channel width and valley bottom width is larger in adjusting reaches, and channel slope 
and specific stream power is lower in adjusting reaches compared to stable reaches (Table 
6.7). This is expected, as larger valley bottom and channel widths provide accommodation 
space available for lateral planform adjustment and lower specific stream powers can lead 
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to sediment deposition and the formation of in-channel bars (Knighton, 1999; Reinfelds 
et al., 2004; Lea and Legleiter, 2016). There were no statically significant differences 
between stable and adjusting reaches for catchment area across the regional dataset 
(Table 6.7). Therefore, reaches of adjustment and stability can be characterised by the 
variables: valley bottom with, channel width, specific stream power and slope.  
 
 
Figure 6.23. Geomorphic characteristics of stable (n = 13377) and adjusting (n = 16455) reaches 
for all catchments and time periods in the Lake District (plots exclude outside values).  
 
 
 
 
 
 
 
0
.05
.1
.15
0 1
excludes outside valuesStabl Adjusting
S
lo
pe
 (-
)
0
200
400
600
800
1000
0 1
excludes outside valuesStable Adjusting
S
pe
ci
fic
 S
tre
am
 P
ow
er
 (W
 m
-2
)
0
5
10
15
20
0 1
excludes outside valuesStabl Adjusting
C
at
ch
m
en
t a
re
a 
(k
m
2 )
0
5
10
15
0 1
excludes outside valuesStabl Adjusting
C
ha
nn
el
 w
id
th
, 2
01
0 
(m
)
0
100
200
300
400
0 1
excludes outside valuesStabl Adjusting
V
al
le
y 
bo
tto
m
 w
id
th
 (m
)
     Chapter 6 
203 
 
Table 6.7. One-way ANOVA showing statistically significant differences between stable (n = 
13377) and adjusting (n = 16455) reaches for the geomorphic characteristics. Grey shaded cells 
indicate presence of statistically significant differences (95% confidence interval) between 
adjusting and stable reach characteristics.  
 
Tukey (HSD) analysis was performed after the one-way ANOVA to identify if a 
statistically significant difference between the mean geomorphic variables and the 
adjustment categories and stable reaches was present. This information is useful to 
identify the variables that can explain and predict adjustment occurrence.  Table 6.8 
summarises the total number of statistically significant differences between the 
adjustment categories and geomorphic characteristics. The geomorphic variables channel 
width (n* = 59) and valley bottom width (n* = 47) had the highest number of 
statistically significant differences between adjustment types and the geomorphic 
variables across the region.  Of the adjustments, statistical differences in valley bottom 
width and channel width were highest between bend adjustments and boundary 
adjustments, and width adjustment and stable reaches (Table 6.8). For example, mean 
valley bottom width of bend adjustments was 96 ± 130 m, for stable reaches was 112 
± 170 m. Therefore, valley bottom width and channel width represent the best variables 
for predicting large scale adjustments such as boundary and width adjustments.   
 
 
 
 
Variable Stable / Adjusting Mean Std. Dev. p value 
Valley Bottom 
Width (m) 
Stable 111.6 172.7 
0.000 
Adjusting 120.8 189.4 
Channel Width 
(m) 
Stable 6 5 
0.000 
Adjusting 7 6 
Catchment Area 
(km2) 
Stable 11.3 26.3 
0.388 
Adjusting 11.5 28.4 
Specific Stream 
Power (W m-2) 
Stable 344.9 260.3 
0.000 
Adjusting 311.4 240.3 
Channel slope (-) Stable 0.052 0.053 
0.000 
Adjusting 0.046 0.045 
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Table 6.8. Total number of statistically significant differences (p-value <0.05) from Tukey (HSD) 
analysis between the adjustment categories and geomorphic characteristics for all catchments and 
stream orders. A is local catchment area (km2), W is channel width (2010 m), VW is valley bottom 
width (m) and ω is the specific stream power (W m-2). Highlighted column indicates the 
geomorphic variables with the highest number of statistically significant differences and are 
therefore the best predictor of planform adjustment categories.   
 
*Catchment area excluded from analysis as no statistically significant differences were identified 
after one-way ANOVA (c.f. Table 6.7).  
 
In the study region, stable reaches have steeper mean channel slopes and higher specific 
stream power values than adjusting reaches (Fig. 6.23, Table 6.7). High specific stream 
power values and steep channel slopes indicate high energy systems and therefore 
sediment erosion and transfer are likely to be dominant. Figure 6.24 displays the 
relationships between stream power and channel slope for the adjustment and stable 
categories. Previous studies have stated that planform adjustment will occur via erosion 
when specific stream power values exceed 35 W m-2 (Brookes, 1987) and floodplain 
erosion will occur over 300 W m-2 (Baker and Costa, 1987; Magilligan, 1992; Fuller, 2008). 
The results documented here indicate that planform adjustments occur above and below 
these thresholds (Fig. 6.24). For example, bar adjustments occur on specific stream 
powers between 8 – 1800 W m-2, bend adjustments between 15 - 1600 W m-2, width 
adjustments 8 – 1600 W m-2, boundary adjustment 8 – 1120 W m-2, and stable reaches 
11 – 1600 W m-2.  This pattern is observed because there are multiple geomorphic 
variables influencing planform adjustment. For example, in the Lake District study high 
specific stream power and slope values were observed in second order headwater channels 
Comparison between adjustment categories 
Geomorphic variables 
Total S A* W VW ω 
Bar Adjustment vs Bend Adjustment 4  7 5 3 27 
Bar Adjustment vs Boundary Adjustment 4  2 3 2 15 
Bar Adjustment vs Width Adjustment 1  9 5 2 22 
Bar Adjustment vs Stable 9  8 6 11 37 
Bend Adjustment vs Width Adjustment 0  2 3 0 6 
Bend Adjustment vs Boundary Adjustment 3  9 6 3 27 
Bend Adjustment vs Stable 4  5 6 3 24 
Boundary Adjustment vs Width Adjustment 3  6 3 2 18 
Boundary Adjustment vs Stable 1  2 4 2 11 
Width Adjustment vs Stable 3  9 6 5 29 
Total 32  59 47 33  
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which were topographically confined (Fig. 6.8) therefore limiting the space available for 
lateral planform adjustment. The dominant forms of adjustment in low order channels 
were bar adjustments (Fig. 6.19). Low order channels with high specific stream power 
values categorised as stable are likely to be adjusting vertically, and any material eroded 
is likely to be transported due to the high stream power thresholds identified (Fig. 6.24).  
 
As valley bottom width increases downstream it is hypothesised that channel width will 
increase, and therefore the potential for planform adjustment will increase as there is 
more space for lateral adjustment (Schumm, 1977; Church, 1996; Fryirs et al., 2016; 
O’Brien et al., 2019). Mean valley bottom width and channel width is larger for adjusting 
reaches than stable reaches (Table 6.7). However, regionally, there is a weak relationship 
between channel width and valley bottom width for adjusting and stable categories (Fig. 
6.25). Lake District rivers have a legacy of modification, by straightening, re-sectioning 
and reinforcement, these modifications alter channel width (narrow or widen) therefore 
affecting the relationships observed in Figure 6.25. The influence of modification on 
planform adjustment patterns will be investigated further in Section 6.6.3. 
 
This analysis highlights that variations in valley bottom width, channel width, slope and 
specific stream power are important variables for explaining planform adjustment and 
stability (Table 6.7). The following section will explore if these patterns are consistent 
between the 17 catchments in the Lake District study region.  
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Figure 6.24. Geomorphic characteristics: slope and specific stream power plotted for the 
adjustment and stable categories for the Lake District study region. Points are colour coded by 
stream order. Dashed black line indicates 35 W m-2 (Brookes, 1987) specific stream power 
threshold where erosion will occur. Continuous grey line is 300 W m-2 (Baker and Costa, 1987; 
Magilligan, 1992; Fuller, 2008) specific stream power threshold where floodplain erosion is reported 
to occur.  
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Figure 6.25. Geomorphic characteristics: valley bottom width and channel width plotted for the 
adjustment and stable categories colour coded by stream order for the Lake District study region. 	
 
6.6.2  Between catchment variability: slope, valley bottom width, channel width, 
stream power influence on planform adjustment and stability  
Figure 6.26 summarises the mean geomorphic characteristics of adjusting and stable 
reaches by catchment. The Wasdale and Ennerdale catchments were identified as some 
of the most actively adjusting catchments (Section 6.5) over all time periods and show 
the largest differences in geomorphic characteristics (valley bottom width, local slope, 
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channel width) between stable and adjusting reaches compared to the other catchments 
(Fig. 6.26). For example, the channel width of adjusting reaches in the Ennerdale 
catchment is 17 ± 13 m and in the Wasdale catchment is 11 ± 6 m. The lowest mean 
channel widths of adjusting reaches were observed in the Cawdale (3 ± 1 m) and 
Haweswater catchment (4 ± 1 m). This demonstrates that the dimensions of adjusting 
reaches vary on a catchment by catchment basis.  
 
In contrast, the Kent and Sleddale catchments showed persistent stability over all time 
periods and the mean geomorphic characteristics of stable and adjusting reaches lie 
around the mean of the whole dataset (Fig. 6.26). The Haweswater catchment also 
showed persistent stability over the last c. 150 years, however, has the highest specific 
stream powers and steepest local slopes of stable and adjusting reaches (Fig. 6.26). 
Haweswater was one of the stand-out catchments, with different geomorphic 
characteristics to the other catchments, identified in Section 6.4. Channels in Haweswater 
are topographically confined with narrow channel widths and therefore major lateral 2D 
planform adjustments were not observed, despite the high specific stream powers (Fig. 
6.26). Channels in the Haweswater catchment may be adjusting vertically over the time 
period studied.   
 
One-way ANOVA and Tukey (HSD) analysis was performed to explore the statistical 
differences between adjustment categories, geomorphic characteristics, stream order and 
catchment; data tables documenting the number of statistical differences are collated in 
Appendix C.  The highest number of statistically significant differences between the 
geomorphic characteristics and adjustments in the catchments were observed in third 
order channels (n* = 97). Third order channels had the highest frequency of planform 
adjustments observed over all epochs (n = 16177).  The highest number of statistically 
significant differences between adjustment categories and geomorphic variables were in 
the Bassenthwaite (n* = 33), Ennerdale (n* = 31) and Wasdale (n* = 27) catchments. 
The Ennerdale, Wasdale and Bassenthwaite catchments displayed the highest number of 
statistical differences in the geomorphic characteristics (e.g. slope, valley bottom width, 
channel width) identified in Section 6.4 so this result is expected. In contrast, in the 
Cawdale and Caldew catchments no significant differences were identified between the 
geomorphic characteristics and adjustment categories. Valley bottom width and channel 
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width were therefore the best predictors of planform adjustment and stability at the 
regional and catchment scale.    
 
Figure 6.26. Mean geomorphic characteristics of adjustment and stable reaches for the 17 
catchments in the Lake District study region. Black continuous line represents the regional mean 
geomorphic characteristics of stable reaches, and adjustment reaches are represented by the grey 
dashed line. Catchments are ranked from mean highest (Ennerdale) to lowest (Sleddale) adjusting 
catchments over the epochs studied. 
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6.6.3  The influence of geology, land cover and river management on planform 
adjustment and stability   
Categorical variables (geology, land cover, and river management) are extracted and 
assigned to planform adjustment and stable reaches in Part 3 of the methodology (Fig. 
6.1).  This section explores the influence of geology, land cover and river management on 
the patterns of planform adjustment and stability over the last c. 150 years. It is 
hypothesised that planform adjustment length will vary according to the different 
geologies (e.g. fluvial, glacial sediments), land cover (e.g. acid grassland and woodland) 
and management (natural and modified river reaches).   
 
6.6.3.1  River management  
River management influences channel width, confinement, bank stability and potential 
for adjustment (Brookes, 1988; Sear et al., 2000; Downs and Gregory, 2004; Gregory, 
2019). The highest frequency of adjustments and stable reaches were mapped in channels 
categorised as natural (n = 11185). In the study region, it was estimated that 33 % of 
the total river length studied was categorised as managed (Fig. 6.12), 12 % (n = 3588) 
of the total number of adjustments mapped over all time periods occurred on managed 
rivers.  
 
Planform adjustments were recorded as occurring in a managed reach, if they overlaid a 
reach labelled as managed, and adjustments were categorised as semi-natural if it 
occurred on both managed and natural reaches. The mean length of channel affected by 
planform adjustment differs between managed, semi-natural and natural river reaches 
(Fig. 6.27). Bar adjustments affect a similar percentage (mean 0.8 ± 1.6 %) of channel 
length in managed, semi-natural and natural channels (no statistical differences) (Fig. 
6.27). Similarly, the mean percentage of channel length categorised as width adjustment 
(3.7 ± 5 %) showed no statistical differences between the degrees of management. In 
contrast, statistical differences were identified between the mean adjustment length of 
bend adjustments, boundary adjustments and stable reaches between natural, semi-
natural and managed channel reaches across the full dataset (Fig. 6.27).  
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Boundary and bend adjustments are longest in managed channels (Fig. 6.27). The mean 
percentage length of channel mapped as stable is also shortest (mean 7.3 ± 16.5 %) in 
managed systems compared to natural and semi-natural channels (Fig. 6.27). In managed 
rivers, channelization can cause local changes in stream power which can enhance erosion 
and deposition, which in turn necessitates channel changes to restore a natural 
equilibrium (Darby and Thorne, 1992). These processes may be progressive and can move 
the system to a threshold, which when crossed can trigger a sudden planform adjustment 
(e.g. avulsion) and explain the larger length of boundary adjustments and shorter length 
of stable reaches observed in managed reaches (Fig. 6.27).  
 
Figure 6.27. Mean and standard error of channel length affected by adjustment or stable reach 
(%) in managed, semi-natural and managed channels for all catchments.  
 
Across the 17 catchments studied the percentage of channel length affected by adjustment 
in natural, semi-natural and managed reaches varies (Fig. 6.28). For example, in the 
Ennerdale, Wasdale and Coniston catchments adjustment length is factor of four greater 
than the regional mean adjustment length in managed channels (Fig 6.28). In contrast, 
natural and semi-natural reaches were categorised as having the mean longest length of 
stable reaches in the most stable catchments: Sprint, Haweswater, Kent and Sleddale 
(Fig. 6.28). The length of adjustment varies between the catchments because of the local 
catchment characteristics (e.g. slope, valley bottom width and sediment supply), as well 
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as the type of channel management or anthropogenic activity. For example, adjustments 
observed in the Coniston catchment were influenced by an increased sediment supply 
from mining activities from Coniston Copper works. This analysis highlights that river 
behaviour has between catchment variability across the upland in response to 
anthropogenic activity (Fig. 6.28).  
 
Figure 6.28. Mean length of stable or adjusting reach (%) by catchment for natural, semi natural 
and managed channels. Continuous lines represent the mean stable and adjustment length across 
the full dataset. Catchments are ordered by the mean highest (Ennerdale) to lowest (Sleddale) 
adjustment (%) across all time epochs.  
 
6.6.3.2  Land cover 
Land cover influences surface runoff and sediment availability to a channel, and therefore 
the potential for adjustment (Millar, 2000; Crosota and Saleh, 2011; Vargas‐Luna et al., 
2019). It is hypothesised that planform adjustment length will vary in urban, acid 
grassland and organic land uses where surface sediments can easily be eroded and 
delivered to the channel.  
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There were statistically significant differences between the mean adjustment and stable 
reach length for land cover categories. Acid grassland is the dominant land cover in the 
Lake District region, therefore the highest frequency (n = 18006, 61 %) of planform 
adjustments were mapped here. The mean length of adjustment on acid grassland was 
1 ± 2 % of the total channel length. Planform adjustments were longest in arable and 
horticulture (3.5 ± 4 %). Planform stability was longest in neutral grassland (13 ± 23 %), 
broadleaf woodland (11.5 ± 22 %) and suburban areas (11 ± 17 %). The results indicate 
that there is variability in planform adjustment and stability length by land cover. Figure 
6.29 displays the catchment to catchment variability in the mean length of stable and 
adjusting reaches for each land cover (Fig. 6.29). The correlation between land cover and 
adjustment and stability on a catchment by catchment basis is harder to define as land 
cover is spatially variable across the upland region. For example, acid grassland is present 
across all catchments, however the mean adjustment length varies from 0.7 ± 0.7 % 
(Cawdale) to a maximum length of 3.3 ± 7.2% (Coniston), (Fig. 6.29). Stable reach 
length also varies in acid grassland from 6.7 ± 6.3 % (Duddon) to 40 ± 40 % (Kent), 
(Fig. 6.29). This highlights that land cover alone is not a suitable predictor of planform 
adjustment and stability across multiple catchments in a region. 
 
6.6.3.3  Geology 
Geology partly influences the availability, type and erodibility of sediment and therefore 
influences the type and length of planform adjustment (Schumm, 2005). The bedrock and 
superficial geology is highly varied across the upland region and therefore it is difficult 
to use as a discriminatory variable for determining planform adjustment or stability. For 
example, the highest frequency of adjustment and stable reaches mapped over all time 
periods were on the Skiddaw group (n = 9159, 31 %) and Borrowdale Volcanic group (n 
= 16191, 54 %), two of the dominant bedrock geologies covering an area of 938 km2, 75 
% of the study region.  
 
Planform adjustment length is hypothesised to vary between the different superficial 
geologies. Statistically significant differences were present between the length of 
adjustment and stable reaches between the superficial geology categories. The highest 
frequency (n = 10763, 65 %) of adjustments occurred in fluvial deposits in higher order 
channels, this is expected as planform adjustments involve the erosion, transfer and 
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deposition of sediment from river channel bed and banks. The longest planform 
adjustments recorded occurred in mass movement deposits (mean length 1.3 ± 2.7 % 
(Fig. 6.30). Mass movements provide an additional source of sediment to the channel, 
which can redirect the flow and instigate longer length planform adjustments such as 
width or major boundary adjustments.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.29. Mean length of stable and adjustment reaches (as a % of the total channel length) 
for the land cover types across the 17 catchments studied in the Lake District. Catchments ordered 
from highest adjusting (Ennerdale) to lowest adjusting (Sleddale) over all time epochs studied.   
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Figure 6.30. Mean adjustment and stable reach length (as % of the total channel length) and 
standard error bars for the superficial geologies in the Lake District study region.  
 
However, mass movements deposits were also associated with the mean longest length of 
stable reaches (16 ± 28 %). Sediment delivered from mass movements may be reworked 
in the channel immediately after the event and therefore evidence of their impact on river 
planform may be short-lived and not be captured in the available snapshot of river 
planform from the available historic data explaining this relationship.  
 
Areas dominated by organic deposits were expected to show longer stretches of channel 
experiencing adjustment due to a high supply of fine sediment (Evans and Warburton, 
2001). The results of this analysis show organic deposits displayed a high percentage of 
stability (Fig. 6.30). Glacial deposits have the second highest mean percentage (15 ± 29 
%) of channel mapped as stable (Fig. 6.30), this is because coarse glacial sediments can 
confine the channel in upper headwaters and therefore restrict lateral 2D adjustment. 
 
There is considerable variation in the length of planform adjustment and stability 
between the 17 catchments (Fig. 6.31), therefore making the influence of superficial 
geology alone an unsuitable discriminatory variable of planform adjustment and stability. 
For example, in glacial deposits stable reach length varies from 10 ± 23 % (Bassenthwaite) 
to 88 ± 29 % (Cawdale) and adjustment reach length varies from 0.5 ± 1 % (Duddon) to 
0
1
2
3
4
0
5
10
15
20
MASS 
MOVEMENT 
DEPOSITS
ORGANIC 
DEPOSITS
FLUVIAL 
DEPOSITS
GLACIAL 
DEPOSITS
LACUSTRINE 
DEPOSITS
M
ea
n 
ad
ju
st
m
en
t l
en
gt
h 
(%
 o
f t
ot
al
 
ch
an
ne
l l
en
gt
h)
M
ea
n 
st
ab
le
 le
ng
th
 (%
 o
f t
ot
al
 
ch
an
ne
l l
en
gt
h)
Stable
Adjusting
Chapter 6 
216 
 
5.7 ± 23 % (Sleddale), (Fig. 6.31). Therefore, the influence of geology on planform 
adjustment and stability varies on a catchment by catchment basis.   
 
Figure 6.31. Mean length of stable and adjustment reaches (as a % of the total channel length) 
for the superficial geologies across the 17 catchments studied in the Lake District. Catchments 
ordered from highest adjusting (Ennerdale) to lowest adjusting (Sleddale) over all time epochs 
studied.   
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6.6.4  Summary of the geomorphic characteristics of adjustment and stable 
reaches 
Section 6.6 has considered the geomorphic characteristics (stream power, channel width, 
valley width, slope, catchment area, geology, land cover and management) influencing 
the location and extent of planform adjustment and stability mapped in the Lake District 
study region. Valley bottom width and channel width were identified as important 
variables influencing the type of planform adjustments (Tables 6.7, 6.8). River 
management affects the length of boundary and bend adjustments and stable reaches 
(Fig. 6.27). However, at the regional scale the influence of land cover and geology on 
planform adjustment and stability is harder to define. Section 6.7 discusses the data 
collected and summarises the research findings.   
 
6.7  Discussion: a multiple catchment scale assessment of the patterns and controls 
of historic river planform adjustment  
Upland rivers are dynamic geomorphic systems (Newson, 1989; Lewin et al., 1977; Hooke 
and Redmond, 1989a) and across the 17 catchments studied in the Lake District upland 
region over the period 1860s - 2010, 21 % (128 km) of channels studied showed evidence 
of adjustment. Section 6.7.1 firstly explores the spatial patterns and geomorphic 
characteristics of planform adjustments through the Upland Sediment Cascade (USC), 
and considers the geomorphic controls. The temporal patterns of planform adjustment 
and stability over the last c. 150 years (Section 6.7.2) are then discussed.  
	
6.7.1  Patterns and controls of planform adjustment and stability  
6.7.1.1  Spatial patterns of adjustment through the Upland Sediment Cascade (USC) 
The USC provides an important framework for interpreting the spatial patterns of 
planform adjustment and sediment continuity observed across the Lake District. Figure 
6.32 presents a modified version of the USC framework presented in Chapter 2 and 
illustrates planform stability and the dominant geomorphic characteristics in the zones 
of the USC identified in this research.  Low order channels in the production zone of the 
USC have mountain torrent, cascade or step pool typologies, with narrow channel widths, 
high specific stream powers and are topographically confined making them ‘resistant’ to 
lateral adjustment (Brunsden and Thornes, 1979; Sear et al., 2003; Fryirs et al., 2009; 
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Thoms et al., 2018; Piégay et al., 2018; Fuller et al., 2019b).  In the Lake District 
headwaters, rivers flow through steep confined bedrock channels (Figs 6.5, 6.7), gorges 
or glacial sediments which alternate with locally unconfined alluvial reaches (Harvey, 
1997).  Second order channels had the narrowest mean channel widths (3 ± 3 m) and 
mean valley bottom widths (27 ± 70 m), the mean steepest channel slopes (0.13 ± 0.09) 
and high specific stream powers (630 ± 430 W m-2). Bar adjustments were the most 
frequent forms of sediment transfer (n = 2877, 85 % of total number of adjustments) in 
second order channels mapped over all time periods. Where the channel becomes locally 
unconfined bend, bar and width adjustments were present (Figs. 6.21, 6.32). However, 
regionally, the production zone showed relative planform stability, and second order 
channels had the highest percentage of channel length mapped as 2D stable over the last 
150 years (mean stable length of second order channels 1860s-2010: 89 ± 16 %), 
demonstrating a high level of sediment continuity.  
 
Figure 6.32. Upland sediment cascade displaying 2D planform stability, channel management and 
the geomorphic characteristics in each zone identified in this research. 
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In the lower reaches of the production zone (e.g. third order channels), in natural systems, 
where rivers enter lakes there are well-developed lakehead deltas and alluvial fans (Hay, 
1926; Harvey, 1997; Schillereff et al., 2016; Chiverrell et al., 2019). Here, there is an 
increase in valley bottom width, slope decreases and there is a local decrease in sediment 
continuity (Fig. 6.32). This results in local sediment deposition, this creates a local 
increase in bed slope which can instigate planform adjustments such as avulsions (Jones 
and Schumm, 1999). For example, in the Wasdale catchments boundary adjustments 
were identified upstream of Wast Water (Chapter 5) over the 1860s-1950s period. In the 
Ennerdale 2010 air photograph, there is also evidence of palaeo-channels in the lakehead 
alluvial delta (Fig 6.33) indicating the river historically avulsed and occupied a different 
position on the floodplain. These palaeo-channels were not active in the 1860s historic 
map (Fig 6.33) or intermediate epochs studied (e.g. 1950s, 1980, 1995, 2004), indicating 
river activity in the lakehead delta >150 years ago. Therefore, in the lower reaches of the 
headwater production zone, channels can display a local decrease in sediment continuity 
(Fig. 6.32).  
 
Regionally, second order channels in catchment headwaters showed similar geomorphic 
characteristics and local planform stability, however, there was evidence of local 
catchment and reach scale variability in the Lake District. For example, in the Coniston 
catchment, second order channels had the highest percentage of channel length affected 
by adjustment (mean length 3.6 ± 8 %) and largest channel widths (mean 8 ± 11 m) 
(Fig. 6.8). This local variability is attributed to Coniston Copper mine workings (NGR 
SD 289 985). Mining activities can alter catchment scale sediment dynamics by delivering 
large volumes of coarse and fine sediment, ‘exoslugs’, to the stream network through 
excavation works or from spoil heaps (Lewin et al., 1983; Knighton, 1989; Macklin, 1997; 
Bertrand and Liébault, 2019). This can result in channel widening and sediment 
aggradation which can be transported as megaslugs (Church and Jones, 1982; Hoey, 1992; 
Nicholas et al., 1995). Figure 6.34B shows Levers Water Beck a second order channel 
connected to spoil heaps from the Coniston Copper works, providing a major source of 
sediment. Channel width in Levers Water Beck is a factor of three greater than the 
second order neighbouring channels (e.g. Low Water Beck) due to enhanced sediment 
delivery from mining waste (Fig. 6.34B).  
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Figure 6.33. Relict channels in the lakehead alluvial fan in the Ennerdale catchment. Blue arrows 
indicate flow direction. (A) Ennerdale catchment elevation, black square indicates location of (B) 
and (C). (B) 1860s historic map of lakehead delta (source: Ordnance Survey, 2015). (C) 2010 air 
photo (source: Bluesky International Ltd., 2015) of lakehead delta, palaeo-channels and terrace.  
 
Downstream of the confluence between Levers Water and Low Water Beck further spoil 
heaps are present which confine the channel and supply sediment (Fig. 6.34C). The 
impact of the increased sediment supply is observed where the channel becomes locally 
unconfined and slope decreases, and therefore sediment is deposited (Fig. 6.34C). 
Typically, the extent of the sedimentation zone decreases where the channel becomes 
topographically confined, slope and stream power increases and bedrock outcrops are 
present, creating a local increase in transport capacity (Fig. 6.34C). This example shows 
that the spatial pattern of sediment continuity through the USC headwaters is influenced 
by local reach scale anthropogenic activity, as well as wider topographic controls (e.g. 
confinement and slope).  
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Figure 6.34. Anthropogenic modification to sediment continuity example: Coniston catchment. A) 
Rivers studied and topography of the headwaters of the Coniston catchment South, Lake District, 
UK. B, C and D show examples of river planform near Coniston Copper works from the 2010 air 
photograph (source: Digimap, 2017) and the OS County series 1860s historic map. Arrows indicate 
flow direction, numbers at the end of the river names indicate Strahler (1952, 1957) stream order.  
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In the transfer zone (Fig. 6.32), sediment continuity and patterns of planform adjustment 
differ from those of the production zone as the channel gradient decreases, floodplain 
width increases and the channel becomes unconfined, allowing greater channel floodplain 
interaction. The highest frequency of planform adjustments observed in the Lake District 
study region were in third order channels (number of adjustments = 9252, 56 % of total 
number of adjustments) over all time periods.  High order (e.g. fourth, fifth and sixth 
order) channels in the transfer zone in the Lake District study region had the highest 
percentage of channel length mapped as managed (Figs. 6.14, 6.15). Channel management 
is expected to influence the potential for planform adjustment and sediment continuity 
by altering the flow regime (e.g. through flow regulation, downstream of lakes), sediment 
supply and restricting lateral adjustment e.g. by reinforcing banks (Surian and Rinaldi, 
2003; Downs and Gregory, 2004). The following section will explore the impact of channel 
management in the USC.  
 
6.7.1.2  Impact of channel management on planform adjustment and stability through 
the Upland Sediment Cascade 
In the Lake District study region, the percentage of channel length mapped as managed 
increases with stream order through the USC (Fig. 6.15). For example, the mean 
percentage of channel length mapped as managed in second order channels:  5 ± 18 %, in 
third order channels 21 ± 32 %, in fourth order channels 73 ± 32 %, in fifth order channels 
92 ± 23 %, and for the two sixth order channels studied: 100 %.  
 
The Bassenthwaite catchment has the best documentation of historic channel 
management from the Cumberland River Board Authority reports and Environment 
Agency asset management records and therefore provides an example of the type and 
spatial extent of river management activities (Fig. 6.35). Figure 6.35 highlights that 
management is concentrated in high order channels in the transfer zone and 
anthropogenic activities involve bank reinforcement and gravel management. For 
example, flood walls surround the River Greta near Keswick to prevent flooding, and 
gravel management (dredging) takes place on over 17 rivers in the catchment to increase 
channel capacity during flood events (Fig. 6.35).  A high percentage of river management 
in the Bassenthwaite catchment (45 % of rivers and streams studied are managed) could 
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explain why over all time periods the total percentage of channel length mapped as 
adjusting is low (mean adjustment length 13 ± 6.5 %), (Fig. 6.36). In comparison, more 
natural catchments, with a lower percentage of management display a higher percentage 
of rivers and streams mapped as adjusting (Fig 6.36). For example, in the Ennerdale 
catchment, 6 % of the rivers and streams studied are managed (relatively natural 
catchment) and the adjustment percentage was high over all time periods (mean 
adjustment length 26 ± 6.2 %) compared to the other catchments (Fig 6.36).   
 
Figure 6.36 summarises the percentage of channel length mapped as adjusting and the 
total channel length mapped as managed. The Bassenthwaite, Ullswater, Coniston, 
Sprint, Windermere and Kent catchments have >40 % of channels mapped as managed 
(Fig. 6.36). These catchments have less than 13 % of the total channel length mapped as 
adjusting over all epochs, indicating that local management has contributed to local 2D 
channel stability and the patterns observed.  
 
River management has traditionally focused on stabilising adjusting rivers in the transfer 
zone of the USC (Brookes, 1988).  Regionally, the length of stable reaches (mean length 
7.3 ± 16.5 %) is shortest in managed channels compared to natural reaches (mean length 
12 ± 25 %) (Fig. 6.27). Lake District rivers have high specific stream powers (mean 460 
± 410 W m-2) and therefore in areas where rivers are anthropogenically stabilised, high 
stream powers will be concentrated on the channel bed and banks which can lead to 
locally enhanced erosion of sediment and planform adjustment (Brookes, 1985). This 
indicates that channel management is not always efficient at fixing the problem and 
channel instabilities persist. This is especially true if managed river reaches are not 
maintained as systems adjust to restore a pre-modified condition: a natural ‘re-wilding’ 
process (Brookes, 1988; Fryirs and Brierley, 2016).  
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Figure 6.36. Mean channel length adjusting (%) over all time periods studied and standard 
deviation error bars plotted alongside the total length of channels mapped as managed (%) in the 
Lake District study catchments. Catchments ordered from highest adjusting (Ennerdale) to lowest 
adjusting (Sleddale) over all time epochs studied.   
 
In managed channelized reaches, it was expected that planform adjustments will affect 
longer lengths of the channel in response to inappropriate river management. In the Lake 
District study region boundary adjustments had the longest length in managed channels 
(mean length 8 ± 12 %) compared to natural channels (mean length 4.3 ± 6 %).  On 
upland rivers Tummel, Tay and Dee in Scotland, flood embankments are present and 
restrict adjustment, however, embankments are regularly breached, channels avulse and 
deposit sediment in response to extreme flood events (Gilvear and Winterbottom, 1992; 
Gilvear, 1993; Winterbottom, 2000). These examples demonstrate that major planform 
adjustments often occur in artificially confined reaches as channels adjust to restore a 
natural equilibrium. Similarly, the St John’s Beck reach scale study (Chapter 4), showed 
significant river bank erosion, resulting in a 12 m increase in channel width in response 
to the extreme Storm Desmond flood, where the channel had been artificially confined 
and flood embankments disconnected the channel from the floodplain. Similar effects 
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have been observed by Magilligan (1985), Nanson (1986), Butler and Malanson (1993), 
Lecce (1997), Fuller (2007, 2008), who all identified a concentration of erosion on 
constricted reaches. Therefore, although channel management can locally stabilise 
channels, it disrupts natural sediment continuity, which can prime the channel for major 
boundary adjustment in response to high magnitude flood events.  
 
Anthropogenic activity can also directly cause planform adjustment (e.g. straightening 
and realignment). However, it is difficult to identify if planform adjustments are artificial 
or natural from historical records due to: the limited availability of documents on channel 
modification over the past 150 years, and that the sources used represent a ‘snapshot’ of 
river planform. Therefore, artificial adjustment may take place between historic map / 
air photograph survey and production dates, or pre-date the earliest historical maps 
(Winterbottom, 2000). In this analysis 144 planform adjustments were recorded as 
artificial over all time periods, these channels had clearly been straightened or reinforced 
by anthropogenic engineering near settlements, infrastructure or industry.  For example, 
in the Coniston catchment Red Dell Beck, a second order channel, was artificially 
straightened, diverted and confined against the valley walls to allow room for a road to 
be built providing access to Coniston Copper works (Fig. 6.34).  
 
The highest frequency of ‘artificial’ adjustments mapped in this study were recorded in 
the Bassenthwaite catchment (n = 58) and included river straightening, re-diversion and 
stabilisation providing another reason why the percentage of adjustment is relatively low 
over all time periods in this catchment (Fig 6.36). An example of river re-diversion in the 
Bassenthwaite catchment, is on Raise Beck (NGR NY 330 118), which was artificially 
diverted North (previously flowed South towards Grasmere) into Thirlmere Reservoir 
between 1920 and 1935 (Hindle, 1981; Huddleston, 1935) to ensure a continuous water 
supply to Thirlmere Reservoir (Fig. 6.37). Despite the difficulty in classifying adjustments 
as natural or artificial it is important to be aware that artificial adjustments take place 
at the reach scale on high and low order channels in the USC and can explain local 
patterns of planform adjustment and stability observed over the last c. 150 years. 
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Figure 6.37. Artificial channel diversion on Raise Beck, blue arrows indicate flow direction. A) 
current flow direction into Thirlmere Reservoir, box highlights area of B and C. (B) 1860s historic 
map (source: Ordnance Survey, 2015), Raise Beck flowed south towards Grasmere. (C) 2010 air 
photograph (source: Bluesky International Ltd., 2015) showing current flow direction (north to 
Thirlmere) and old relict channels which become active during flood events (c.f. Johnson and 
Warburton, 2002).  
 
6.7.1.3  Geomorphic controls on planform adjustment and stability through the USC 
Valley bottom width and channel width were identified as important variables influencing 
the type of planform adjustment and stability observed regionally through the USC 
(Tables 6.7, 6.8). There were statistically significant differences between stable and 
adjusting reaches valley bottom width and channel width (Table 6.7). Stable reaches (n 
= 13377) had a mean channel width 6 ± 5 m, and valley bottom width 110 ± 170 m. In 
contrast, adjustment reaches (n = 16455) had a mean channel width 7 ± 6 m and valley 
bottom width 120 ± 190 m.  Valley bottom width determines channel confinement 
creating space available for the channel to interact with the floodplains, therefore 
planform adjustments are more likely to occur in unconfined settings where the channel 
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can erode the banks and laterally migrate (Schumm, 1977; Church, 1996; Ibisate et al., 
2011; Fryirs et al., 2016; O’Brien et al., 2019).  
 
Lisenby and Fryirs (2016) found catchment area to be an important variable influencing 
the location and extent of planform adjustments in three tributaries with similar form 
ratios in the Lockyer Valley, Australia. However, in the Lake District, catchment area 
was a poor predictor of planform adjustment across the 17 catchments and no statistically 
differences were identified between mean catchment area of stable and adjusting reaches 
(Table 6.6). This relationship is attributed to local variability in catchment form and 
relief ratio (Table 6.3). For example, the Ennerdale (catchment area = 44.1 km2) and 
Wasdale catchments (catchment area = 45.4 km2) have similar catchment areas and 
displayed persistent 2D planform adjustment over all time periods studied, however had 
very different catchment shapes (Table 6.4, Fig 6.38). The Ennerdale catchment is 
elongated (form ratio 0.22), with a relief ratio of 0.05. In the Ennerdale catchment 
planform adjustments had a mean catchment area of 8 ± 7 km2 (Fig 6.38). In contrast, 
the Wasdale catchment has a bowl like shape (form ratio 0.56), is steeper (relief ratio 
0.1) and adjustments had a mean catchment area of 5 ± 4 km2 (Fig 6.38). This example 
shows that catchments with similar catchment areas can have very different shapes, and 
relief ratios and therefore using catchment area alone is a poor predictor of planform 
adjustment and stability at the multiple catchment, regional scale.    
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Figure 6.38. Example of variability in catchment form ratio, relief ratio and hypsometric curves 
for the Wasdale and Ennerdale catchments.  
 
Geology and land cover influence the type, erodibility of sediment and potential for 
planform adjustment (Schumm, 2005). However, the geology and land cover is highly 
variable across the Lake District upland region and therefore it is difficult to use as a 
discriminatory variable for determining planform adjustment or stability at the regional 
scale (Figs. 6.29, 6.31). In-channel wood and log jams were not considered as a major 
control of planform adjustment in the Lake District upland study region as large upland 
forests were cleared during the Neolithic, Iron Age and Romano-British and medieval 
periods (Edwards and Whittington, 2001; Chiverrell, 2006; LDNPA, 2017) and more 
recent forestry (Forestry Commission c. 1919) is carefully manged to prevent wood 
entering low order tributaries. Catchment re-wilding and in-channel wood and logjam 
installation for natural flood management and river restoration projects have potential 
to influence future reach scale patterns of planform adjustment and stability (Grabowski 
et al., 2019). 
 
v
v
v
v
v
Ennerdale
Wasdale
Ennerdale Wasdale
Catchment 
area (km2)
44.1 45.4
Relief ratio 0.045 0.101
Form ratio 0.22 0.56
0
200
400
600
800
1000
0 20 40 60 80 100
El
ev
at
io
n 
(m
)
Area (cumulative %)
Wasdale
Ennerdale
Hypsometric curve
Chapter 6 
 
 
230 
Identifying a singular dominant control on planform adjustment and stability at the 
catchment and regional scale is unlikely. River planform adjustment and stability is 
influenced by multiple spatially variable exogenic and endogenic interacting factors (Bull, 
1991). Planform adjustments also often occur in combination (e.g. bar and bend 
adjustments), 22 % of adjustments occurred in combination for 1860s – 2010 period (Fig. 
6.39), and therefore it is difficult to identify a singular control for each type of adjustment. 
Instead, this research highlights that regionally, geological and glacial legacies in the Lake 
District have set the topographic conditions (confinement, U-shaped valleys, valley size, 
radial drainage pattern) and calibre and supply of sediment to rivers which determines 
the USC structure. Figure 6.40 summarises the dominant variables influencing planform 
adjustment and stability in the USC (e.g. slope, valley bottom width, channel width, 
geology, land cover, management) and their spatial variability in the Lake District upland 
region.  The USC provides a useful general framework for understanding the patterns 
and controls of planform adjustment and stability, however, this does not explain the 
anomalies in local planform adjustment and stability on a catchment by catchment basis 
over all time periods. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.39. Venn diagram showing total percentage of adjustments for each category (bold) and 
combined adjustments (italics) for the full period of analysis (1860s – 2010), for all rivers in the 
Lake District study region.  
Boundary 
adjustment
5.6%
Width 
adjustment
2.1%
6.6%
11.2%
1860s - 2010
Adjustment frequency n = 4297
Bend 
adjustment 
11.7%
Bar adjustment
80.6%
0.3%
2.6%
0.6%
 Chapter 6 
	 231 
 
 
 
Figure 6.40. Regional geomorphic characteristics across the Lake District upland study region: topography, bedrock and superficial geology, land cover, average monthly rainfall and managed rivers.  
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Figure 6.40. Continued: regional geomorphic characteristics across the Lake District upland study region: mean slope, specific stream power, channel width, valley bottom width (extracted from SPs); form and relief ratio.  
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6.7.1.4  Why do some catchments display persistent planform adjustment or stability?  
The Ennerdale and Wasdale catchments showed persistent adjustment and have the 
highest mean percentage of channel length mapped as adjusting over the last c. 150 years 
(Figs. 6.23, 6.24, 6.40, 6.41).  These catchments are located in the west of the Lake 
District study region overlying the Borrowdale Volcanics, Ordovician felsic plutonic suite 
and Skiddaw group bedrock geologies (Fig. 6.10). These catchments displayed statistical 
differences in the geomorphic characteristics (slope, channel width and specific stream 
power) compared to the other catchments studied (Table 6.7; Figs. 6.5-6.9). For example, 
the Ennerdale and Wasdale catchments had the steepest channel slopes in the headwaters 
and low channel slopes and specific stream power values in third, fourth and fifth order 
channels (Figs. 6.5, 6.9). These catchments also had the highest percentage of catchment 
area occupied by mass wasting events (17 % of the Ennerdale catchment area and 14 % 
of the Wasdale catchment area), (Fig. 6.11). Planform adjustment length was longest in 
mass movement deposits (mean adjustment length = 11 ± 10 %) in the Wasdale 
catchment (Fig. 6.31). It is likely that sediment is delivered from mass wasting events 
where the channel is coupled to the hillslopes in the headwaters, and the high specific 
stream powers enable this material to be transported downstream. As sediment is 
transported downstream, it is deposited where slope and specific stream power decreases 
and valley bottom width increases. This can cause intrinsic thresholds to be crossed, for 
example, sediment deposition can lead to local changes in channel gradient which may 
locally increase stream power and therefore the potential for adjustment (Bull, 1991; 
Brewer and Lewin, 1998). Therefore, sediment supply from mass wasting events may 
represent a triggering mechanism explaining the high percentage of channel length 
mapped as adjusting in the Wasdale and Ennerdale catchments. 
 
However, the Ennerdale and Wasdale catchments might also be responding to exogenic 
changes in climate and flood frequency or anthropogenic activity. As no flow gauges are 
present in the Wasdale or Ennerdale catchment upstream of the lakes it is difficult to 
assess the impact of flood events on local catchment scale planform stability. These 
catchments are located on the west of the Lake District upland region, and therefore are 
influenced by more vigorous westerly airflows from the Atlantic and therefore wetter 
winters (Rodwell et al., 1999; Rodwell and Folland, 2002; Barker et al., 2004; Pattison 
and Lane, 2012), (Fig. 6.40). Wetter winters can lead to high pore water pressures in 
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catchment hillslopes and influence the frequency of mass wasting events (Warburton et 
al., 2008). Anthropogenic modifications (embankments, bank reinforcements) are present 
in both Ennerdale (Oyedotun, 2011) and the Wasdale catchment (Haycock and Skinner, 
2004), however, planform adjustments are still present due to the high-energy nature of 
these systems (Figs. 6.9, 6.24).   
 
Figure 6.41. Choropleth map displaying the total length of channels adjusting (%) for 1860s – 
2010 period by catchment in the Lake District study region.  
 
In contrast, Kent, Haweswater and Sleddale showed persistent 2D stability over all time 
periods (Figs. 6.21, 6.41). These catchments are located in the east of the Lake District 
study region and are underlain by Borrowdale Volcanics, Borrowdale sill suite and 
Coniston group bedrock geologies. The catchments all have reservoirs (Haweswater 
Reservoir, Wet Sleddale Reservoir and Kentmere Reservoir) therefore the catchments 
will be influenced by flow regulation. The Kent catchment has the highest percentage of 
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channel mapped as managed (57 %), compared to the Haweswater (2 %) and Sleddale 
(2 %) catchments. Rivers in the Kent catchment have been reinforced and embankments 
are present in response to the legacy of water mills and land drainage for agriculture in 
the catchment (Orr et al., 2000; Soar et al., 2017).  
 
Haweswater had the steepest channel slopes (mean slopes 0.14 ± 0.11), with the highest 
number of statistical differences in slope compared to the other catchments (Fig 6.5). 
Channel widths were also narrow, resulting in high specific stream powers (mean 
520 ± 260 W m-2). This can lead to high levels of sediment continuity explaining why 
channels display patterns of persistent 2D stability over the last c. 150 years. The 
Haweswater catchment also has the second narrowest mean valley bottom widths (70 ± 
50 m), and channels are topographically confined by bedrock or glacial sediments 
restricting lateral adjustment.  In contrast, the Sleddale geomorphic characteristics 
(slope, valley bottom width) showed fewer statistical differences between the geomorphic 
characteristics between the catchments (Section 6.4), but the land cover is dominated by 
organic deposits and heather. Upland catchments dominated with organic deposits and 
heather have been reported as some of the most actively eroding catchments in the UK 
(Stott, 1995; Evans et al., 2006). However, this analysis shows that catchments 
dominated with this land use type showed relative 2D stability in the lake District over 
the last c. 150 years. Whilst the Haweswater, Sleddale and Kent catchments showed the 
lowest percentage of adjustment over all time periods in the Lake District study region, 
boundary, width, bend and bar adjustments are still present in these catchments and 
there are local zones of sediment erosion, deposition and planform adjustment indicating 
that these are active systems, but less active than the other catchments studied. 
 
In summary, at the regional scale the USC provides a useful framework for understanding 
the regional (multiple catchment) patterns and controls of 2D adjustment and stability 
(Fig. 6.32). The USC structure is determined by the geological and glacial legacies which 
determine topographic confinement and sediment supply. Valley bottom width is 
therefore an important variable influencing the spatial pattern of planform adjustment 
and stability at the regional scale. However, the analysis highlights that there is 
catchment to catchment variability in the spatial pattern of adjustment and stability and 
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this is attributed to local reach scale controls (e.g. anthropogenic activity such as mining 
or river channelization).  
 
6.7.2  Temporal pattern of planform adjustment and stability  
The temporal pattern of planform adjustment and stability is often linked to flood 
frequency and magnitude (Wolman and Miller, 1960; Anderson and Calver, 1980; Milne, 
1982; McEwen, 1989; Milan, 2012; Pattison and Lane, 2012; Heritage and Entwistle, 
2019), and anthropogenic activity (Gilvear and Winterbottom, 1992; Surian and Rinaldi, 
2003; Fryirs et al., 2009). In Chapter 4, planform adjustment and sediment discontinuity 
is observed along St John’s Beck in response to the extreme Storm Desmond rainfall 
event. Geomorphic impacts of flood events have been observed along St John’s Beck after 
the 1995, 2005 and 2009 floods (Joyce et al., 2018). However, in the 150 year catchment 
scale analysis of planform adjustments, St John’s Beck exhibited relative 2D channel 
stability (Fig. 6.21). This is because evidence of flood events can be quickly cleared and 
therefore are not captured in the snapshot of river planform identified in air photographs 
and historic maps.  
 
In the Wasdale catchment study (Chapter 5) the analysis of the longer-term patterns of 
adjustment and links to flood-rich periods and anthropogenic activity was also 
challenging because (i) of the availability and resolution of historical data (maps of river 
planform and records of channel modification/anthropogenic activity); (ii) adjustments 
can occur in response to endogenic processes or in response to exogenic controls and river 
response can be similar in both instances (equifinality), (iii) adjustments can be short-
lived (intransient), instantaneous, lagged, or progressive and therefore the direct cause 
and impact may not be identifiable from available resources (Schumm and Lichty, 1965; 
Lewin, 1977; Chappell, 1983; Donovan et al., 2019) and (v) local orographic controls 
influence the spatial pattern of rainfall and therefore catchment response can vary 
spatially in flood-rich periods (Fig. 6.40).   
 
A similar pattern emerges across the Lake District study region, where over all epochs 
studied, the total length of adjustment and stability was relatively consistent, despite the 
occurrence of five flood-rich periods and evidence of anthropogenic channel modification 
influencing sediment continuity (Fig. 6.42). Therefore, the analysis of historic maps and 
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air photographs provide a ‘snapshot’ observation of planform stability over the last c. 
150 years, but temporal correlations with anthropogenic activity (e.g. river management) 
and regional flood events are difficult to confirm at the regional scale.  
 
Figure 6.42 summarises the mean adjustment length, flood-rich periods, climate trends 
and anthropogenic activity over the last c. 150 years in the Lake District upland region. 
Human activities have been altering river planform and sediment continuity over the last 
millennium indirectly through changes in land use and directly via channel modifications 
in the Lake District study region (Pennington, 1991; Edwards and Whittington, 2001; 
Chiverrell, 2006; James and Lecce, 2013; LDNPA, 2017). For example, in the Coniston 
catchment the highest percentage of total channel length mapped as adjusting was 
observed in the 1860s-1950s historic map comparison (11 %, Fig. 6.22) coinciding with 
the period after peak copper production (1860s), where anthropogenic boundary 
adjustments are identified (Fig. 6.34). Mining activities stopped in 1960s, therefore 
explaining the lower percentage of adjustment (5 %) observed in 1950s-1980 historic map 
comparisons in the Coniston catchment (Fig. 6.22). However, the link between planform 
adjustment and anthropogenic activity is not a linear relationship, river activity mapped 
may be lagged or progressive and reflect anthropogenic legacy effects that occurred over 
longer time periods >150 years (Dufour and Piégay, 2009; Piégay et al., 2020). 
 
In summary, at the event and reach scale (St John’s Beck study, Chapter 4) the impacts 
of flood events on planform adjustment can easily be quantified. As the temporal and 
spatial scale increases, for example from catchment (e.g. Wasdale study Chapter 5) to 
regional, multiple catchment scale (Chapter 6) over the last 150 year the correlations 
between flood events and planform adjustment and stability are harder to define given 
the resolution of the available data.  
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6.7.3  Chapter conclusions   
The aim of this research is to quantify the spatial patterns and geomorphic variables 
influencing upland river planform adjustment and stability over the past c. 150 years at 
the reach, catchment and multiple catchment scale. This chapter has explored patterns 
of 2D planform adjustment and stability across 17 catchments in the Lake District upland 
region from the 1860s - 2010. The results of this chapter show:  
 
1. The spatial pattern of planform adjustment and stability in a catchment can be 
summarised using the upland sediment cascade (Fig. 6.32). Headwater channels 
are topographically confined, with steep channel slopes, high specific stream 
powers and narrow channel widths showing relative 2D stability (Fig 6.20). In 
contrast, the floodplain valley transfer zone is characterised as an area of sediment 
discontinuity with local sedimentation zones as the channel slope and stream 
power decreases and valley bottom width increases creating accommodation space 
for sediment deposition and lateral adjustment (Figs. 6.19, 6.20). The spatial 
pattern of planform can deviate from the USC framework where rivers have been 
impacted by anthropogenic activity that may alter the quantity and rate of 
sediment supplied to the channel (e.g. mining activities), (Fig. 6.34), or restricts 
the channel from adjusting (e.g. bank reinforcements).  
 
2. Geological and glacial legacies in the Lake District have set the topographic 
conditions (confinement, U-shaped valleys, channel slope) and calibre and supply 
of sediment to rivers, which determine the radial drainage pattern and upland 
sediment cascade structure (Fig. 6.40).  
 
3. Regionally, stable and adjusting reaches had statistically significant differences 
between the mean geomorphic characteristics: slope, valley bottom width, channel 
width and specific stream power (Table 6.7, Fig. 6.40). Stable reaches had a mean 
channel width 6 ± 5 m, slope 0.052 ± 0.053, specific stream power 
340 ± 260 W m-2, and valley bottom width 110 ± 170 m. Adjustment reaches 
had a mean channel width 7 ± 6 m, slope 0.046 ± 0.053, specific stream power 
310 ± 250 W m-2 and valley bottom width 120 ± 190 m.  Valley bottom width 
and channel width have the highest number of statistical differences between the 
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planform adjustment types through the stream order hierarchy (Table 6.8) and 
were the best predictor of planform adjustment and stability. Catchment area 
was a poor predictor of planform adjustment at the regional scale (Table 6.6); Fig 
6.38. In the Lake District region, no statistically significant differences were 
identified between catchment areas of stable and adjusting reaches (Table 6.6).  
 
4. Determining the relative importance of different endogenic and exogenic controls 
of planform adjustment and stability cannot be easily resolved at the regional 
scale (Fig. 6.40). This research presents the first regional scale assessment of the 
patterns of planform adjustment over the last c. 150 years in the Lake District 
using the best available historic maps and air photograph data. It is difficult to 
identify the importance of the endogenic and exogenic controls because (1) 
planform adjustments can occur singularly, and in combination (e.g. bar and bend 
adjustments), (Fig 6.39) therefore making it difficult to define a singular set of 
geomorphic characteristics for the adjustment categories. (2) Planform 
adjustments occur in response to multiple endogenic and exogenic interacting, 
spatially (e.g. anthropogenic activity) and temporally variables (e.g. floods). (3) 
The identification of planform adjustment and stability controls is dependent on 
the availability and resolution of data relating to river planform (e.g. historic 
maps), flow data (gauges present) and anthropogenic activity records (land use 
activities and channel modifications).  
 
5. The regional temporal analysis allows the identification of catchments of 
persistent adjustment and stability (Figs. 6.16, 6.21). Over the full period of 
analysis (1860s – 2010) the highest percentage of channels mapped as adjusting 
was recorded in the Ennerdale (37 %) and Wasdale (32 %) catchments. In 
contrast, catchments of persistent stability were Sleddale (10 %) and Kent (10 %).   
 
6. River management is concentrated in high order channels in the floodplain valley 
transfer zone (Figs. 6.14, 6.15). The mean percentage of channel length mapped 
as managed in second order channels is:  5 ± 18 %, in third order channels 
21 ± 32 %, in fourth order channels 73 ± 32 %, in fifth order channels 92 ± 23 %, 
and in sixth order channels is 100 % in the Lake District study region. 
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7. There was a statistically significant difference in the length of planform 
adjustment and stability in managed and natural channels (Fig. 6.27). In 
managed channels the stable reaches were shortest (mean length 7.3 ± 16.5 %) 
compared to in natural reaches (mean length 12 ± 25 %). Boundary adjustments 
were longest in managed reaches (mean length 8 ± 12 %) compared to stable 
reaches (4.3 ± 5.6 %).  
 
8. River management causes reach scale variability in the patterns of planform 
adjustment and stability (Figs. 6.34, 6.37). For example, mining activities have 
contributed to excessive sediment loads and planform widening in the Coniston 
catchment causing deviations from the natural stream order patterns (Fig. 6.34).  
 
9. At the reach and event scale the impact of floods on planform adjustment and 
stability can be identified. However, with increasing spatial and temporal scale 
these correlations are harder to define (Figs. 6.42). The St John’s Beck study 
(Chapter 4) quantified the impact of the extreme Storm Desmond (December 
2015) flood event on planform adjustment. However, with increasing scale 
identifying the impact of regional flood events on river planform stability is 
challenging due to the available data (e.g. timing of historic maps, flow gauges, 
rainfall records) and variability in local catchment response.  
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Summary: reach, catchment and multiple 
catchment scale patterns and controls of 
river planform adjustment 
 
  
7.1  Chapter summary 
The aim of this research was to quantify the spatial patterns and key geomorphic 
variables of upland river planform adjustment and stability over the past 150 years, at 
the reach, catchment and multiple catchment (regional) scale. Three main research 
questions (RQs) were outlined (Chapter 1) to address this aim:  
 
RQ1. How do river planform adjustments vary spatially across multiple catchments in 
a region over the last 150 years? 
 
RQ2. What are the dominant exogenic and endogenic variables influencing the spatial 
distribution of river planform adjustments, and is this pattern catchment specific, 
or similar across multiple catchments in a region? 
 
RQ3. What is the influence of low frequency, high magnitude flood events on river 
planform at the reach, catchment and multiple catchment scale over the last 150 
years? 
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This concluding chapter summarises the key findings of this thesis in relation to the 
research questions outlined in Chapter 1, and makes links between the reach, catchment 
and multiple catchment scale findings (Section 7.2). Section 7.3 discusses the implication 
of the research for river management and restoration activities. The chapter concludes 
(Section 7.4) with a discussion of prospective future research based on the findings of this 
thesis.  
 
7.2  Summary of research findings 
7.2.1  RQ1: How do river planform adjustments vary spatially across multiple 
catchments in a region over the last 150 years?  
This research has provided the first comprehensive multiple catchment scale assessment 
of the patterns and controls of river planform adjustment over the past c. 150 years in 
the Lake District (1250 km2) upland region, UK. The spatial patterns of planform 
adjustment and stability has been assessed on 270 individual rivers and streams across 
17 catchments in the Lake District over six time periods form 1860s – 2010. Across the 
17 catchments studied, 21 % (128 km) of channels studied were adjusting over the last 
150 years (Figs. 6.16, 6.21, 6.41). 
 
Previous research has stated that upland regions are geomorphically active (Hooke and 
Redmond, 1989a; Wishart, 2004; Johnson and Warburton, 2002; Warburton, 2010). For 
example, Hooke and Redmond (1989a) reported that 35 % of UK uplands showed some 
form of planform adjustment from 1870s – 1950s. This research challenges this 
assumption that UK upland are dynamic, as 79 % of rivers studied in the Lake District 
upland region showed relative 2D lateral planform stability over 150 years. Therefore, 
this research implies there is a relative balance in the sediment hydrodynamics in large 
parts of the region during this period. 
 
The Upland Sediment Cascade (USC) provides an important framework for interpreting 
catchment scale patterns of planform adjustment and stability observed across the Lake 
District upland region (Fig 6.32). Headwater channels in the production zone of the USC 
(e.g. second order channels) were characterised by steep channel slopes and high specific 
stream power values and they were topographically confined in the Lake District (Figs. 
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6.5, 6.7, 6.9). Bar adjustments were the most frequent forms of adjustment and accounted 
for 85 % of total number of adjustments in second order headwater channels. Therefore, 
second order channels displayed relative lateral stability indicating the potential for a 
high degree of sediment continuity in this zone.  
 
In contrast, the floodplain valley transfer zone represents an active sediment supply, 
transfer and depositional zone, evidenced by the highest frequency of boundary, bar, 
width and bend adjustments (Figs. 6.19, 6.20). This is attributed to the changing 
geomorphic characteristics downstream as channel slope, specific stream power decrease, 
valley bottom width and channel width increase creating space for lateral planform 
adjustment and sediment deposition in this zone. However, there was variability in 
adjustment and stability through the USC at the reach and catchment scale, attributed 
to local reach scale anthropogenic activities (e.g. mining and channel management (Figs 
6.34, 6.35)).  
 
Over time, the total length of channel mapped as adjusting or stable varied spatially 
across the 17 catchments in the Lake District study region (Fig. 6.21). For example, 
between 1860s – 2010 the highest percentage of channel length mapped as adjusting were 
observed in the Ennerdale (37 %), Wasdale (32 %) and Calder (29 %) catchments located 
in the west of the Lake District (Fig. 6.41).  In contrast, catchments that showed 
persistent stability and had the shortest percentage of channel length mapped as 
adjusting between 1860s – 2010 were the Kent (10 %), Sleddale (10 %) and Haweswater 
(11 %), (Fig 6.41). The spatial differences in planform adjustment and stability between 
the 17 catchments studied is attributed to variability in the geomorphic variables (slope, 
channel width, valley bottom width and anthropogenic activity). Adjusting catchments 
were characterised by a high sediment supply, large valley bottom widths providing 
accommodation space for adjustment and had a relatively low percentage of the channel 
modified by anthropogenic activity (Figs. 6.36, 6.40). In contrast, stable planforms were 
observed in areas influenced by a high percentage of the river channel length mapped as 
modified, or in areas where channels were confined and there were high specific stream 
powers (Figs. 6.36, 6.40).  Despite the variability in the patterns and controls of planform 
adjustment and stability at the reach and catchment scale, the USC provides a useful 
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general framework for conceptualising sediment continuity and the potential for planform 
adjustment in upland regions (Fig. 6.32). 
 
7.2.2  RQ2: What are the dominant exogenic and endogenic variables influencing 
the spatial distribution of river planform adjustments, and is this pattern 
catchment specific, or similar across multiple catchments in a region? 
Two-dimensional planform adjustments over the last 150 years reflect the legacy of 
exogenic factors influencing endogenic processes: discharge, stream power and sediment 
continuity across a catchment. A benefit of the combined, reach, catchment and multiple 
catchment (regional) scale approach adopted in this thesis allowed the range of exogenic 
controls and their influence on endogenic processes to be investigated spatially (Fig. 6.40). 
In this thesis, the exogenic controls: flood events (climate), anthropogenic activity, land 
cover, geology, and topography were considered as factors influencing endogenic processes 
stream power, sediment transport, erosion and deposition and therefore planform 
adjustment at the regional scale.  
 
Geology and glacial processes over the last millennium set the topography, radial drainage 
network, availability and caliber of sediment in the Lake District upland region, which 
partly controls the structure of the USC and potential for planform adjustment.  There 
were statistically significant differences between the geomorphic characteristics of stable 
and adjusting reaches in the Lake District study region.  Stable reaches (n = 13377) had 
a mean channel width 6 ± 5 m, slope 0.052 ± 0.053, specific stream power 
340 ± 260 W m-2, and valley bottom width 110 ± 170 m. Adjustment reaches (n = 
16455) had a mean channel width 7 ± 6 m, slope 0.046 ± 0.053, specific stream power 
310 ± 250 W m-2 and valley bottom width 120 ± 190 m (Table 6.7).  Valley bottom 
width (confinement) was found to be an important variable for determining differences 
between adjustment categories (in particular the occurrence of boundary adjustments), 
(Tables 6.7, 6.8). In large valley bottom widths (unconfined channels) there is space for 
lateral planform adjustment and floodplain-channel interactions.  
 
The research findings demonstrate that planform adjustment is ultimately governed by 
regional geology and glacial legacies which determine geomorphic characteristics: valley 
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bottom widths, channel slope and sediment supply, but rivers are subject to local reach 
scale influences (e.g. anthropogenic activity).  At the reach scale, anthropogenic activity 
is a dominant control influencing planform adjustment and stability (Fig. 6.21). For 
example, anthropogenic activity can cause planform adjustment (Figs 6.34, 6.37), can 
modify the river to restrict adjustment (Fig. 6.35), and can alter the sediment regime, 
therefore influencing the type and rate of planform adjustment (Fig. 6.34). Therefore, it 
is important to understand both reach, catchment and regional scale characteristics can 
influence the patterns of river planform adjustment and stability observed over the last 
150 years.  
 
However, determining the relative importance of different endogenic and exogenic 
controls of planform adjustment and stability cannot easily be resolved at the regional 
scale. This is because: (i) planform adjustments occur in response to multiple exogenic 
controls and endogenic processes interacting, spatially (e.g. anthropogenic activity) and 
temporally (e.g. floods), therefore making it difficult to assign a singular set of geomorphic 
characteristics to a planform adjustment type, a case of equifinality. (ii) It is difficult to 
isolate the geomorphic variables of individual planform adjustment categories because 
planform adjustments can occur in combination (e.g. bar and bend adjustments), (Fig. 
6.39). (iii) The identification of planform adjustment and stability controls is dependent 
on the availability and resolution of data providing a snapshot of river planform, historic 
records of flood events and anthropogenic activity. Despite these limitations this research 
presents the first comprehensive assessment of the range of exogenic controls and their 
influence on endogenic processes on river planform adjustments across multiple 
catchments in an upland region.  
 
7.2.3  RQ3: What is the influence of low frequency, high magnitude flood events  
on river planform at the reach, catchment and multiple catchment scale over the 
last 150 years? 
The temporal pattern of river planform adjustments in many upland catchments has 
been linked to the incidence and severity of major floods (Wolman and Miller, 1960; 
Anderson and Calver, 1980; Milne, 1982; McEwen, 1989; Rumsby and Macklin, 1994; 
McEwen, 1994; Werritty and Hoey, 2004; Wishart, 2004). Chapter 4 demonstrated the 
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impacts of the extreme storm Desmond flood event on sediment continuity and planform 
adjustment at the reach scale along St John’s Beck. During the December 2015 flood 
6500 ± 710 t of sediment was eroded or scoured from the river floodplains, banks and 
6300 ± 570 t of sediment was deposited in the channel or on the surrounding floodplains. 
Less than 6 % of sediment eroded during the flood event was transported out of the 8 km 
channel. Results indicate that, rather than upland floodplain valleys functioning as 
effective transfer reaches, they instead comprise significant storage zones in the USC that 
capture coarse flood sediments and disrupt sediment continuity downstream.  
 
However, catchment analysis of planform adjustment over the past 150 years (Chapter 
6) indicated relative 2D channel planform stability on St John’s Beck despite five flood-
rich periods identified over the last 150 years (Fig. 6.21). This is not surprising given the 
approximate sediment balance observed during the storm Desmond flood and because 
evidence from flood events is often quickly cleared. The St John’s Beck study (Chapter 
4) therefore shows that the impact of flood events on sediment continuity and planform 
adjustment can be readily quantified at the reach scale. However, with increasing spatial 
and temporal scale identifying the impact of flood events on river planform stability at 
the catchment and regional scale is harder to quantify (Fig. 6.42).  
 
This research demonstrates sediment continuity is spatially and temporally variable. At 
the multiple catchment (regional scale) over the last 150 years there was relative lateral 
planform stability (79 % stable). Therefore, whilst high magnitude flood events disrupt 
sediment continuity and are visible at the event and reach scale, there is relative sediment 
continuity over the last 150 years in the Lake District upland region. 
 
Over the last 150 years five flood-rich periods were identified in the Lake District upland 
region using archival records and 19 flow gauges, and were linked to patterns of planform 
adjustment (Figs. 5.13, 6.42). However, quantifying the impact of regional flood events 
on planform and adjustment at the regional scale was challenging because: (i) planform 
adjustments can be triggered by multiple collective exogenic controls, (ii) planform 
response to flood events can be short-lived, instantaneous, lagged or progressive and 
therefore may not be captured in the available records, (iii) the flood may not have been 
of sufficient magnitude to cause significant adjustment,  (iv) anthropogenic activity may 
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have restricted planform adjustment or cleared evidence of the event, (v) catchments 
may be influenced by orographic rainfall controls and therefore flood events may vary 
significantly between catchments, but due to limited number of flow gauges means this 
is difficult to quantify; and vi) the analysis of planform adjustment is dependent on 
available evidence from historic maps and air photographs that represents a series of 
‘snapshots’ in time that may or may not correspond to a period of recent flood activity 
and channel change. Consequently, planform adjustment in response to low frequency, 
high magnitude flood events are readily identified at the reach and event scale, but the 
influence of flood events on adjustment at the catchment and regional scale over the past 
150 years represents an area for further research development.  
 
7.3  Implications of the research findings for river management and restoration 
The spatial and temporal analysis of river planform adjustment and stability represents 
an important step for understanding historic and current river behavior and predicting 
locations of future adjustment or stability. This information can be helpful in identifying: 
i) areas susceptible to future adjustment, ii) relatively ‘natural’ catchments that can 
provide a template or reference condition for river restoration, and iii) reaches or 
catchments for river management or restoration opportunities.  
 
The temporal analysis of planform adjustment and stability highlighted catchments of 
persistent adjustment and stability in the Lake District upland region over the last 150 
years (Fig. 6.21, 6.41) these catchments are likely to be actively adjusting catchments in 
the future. Catchments of persistent adjustment over all time periods were Ennerdale, 
Wasdale and Calder, these catchments had less than 20 % of the river channel length 
categorised as managed (Fig. 6.36). Therefore, these catchments are close to ‘natural’ 
and therefore can provide a template for river restoration in catchments that have a high 
percentage of channels mapped as managed, such as in the Bassenthwaite catchment 
(Figs. 6.14, 6.35).  
 
Traditional river management has aimed to restrict planform adjustment to maintain 
stability (e.g. channelization) at the reach scale in high order channels in the upper 
floodplain transfer zone (Figs. 6.14, 6.15, 6.35). For example, the mean percentage of 
channel length mapped as managed in third order channels 21 ± 32 %, in fourth order 
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channels 73 ± 32 %, in fifth order channels 92 ± 23 %, and in sixth order channels was 
100 % in the Lake District study region. In natural systems, the upper valley floodplain 
transfer zone is an active zone of sediment erosion, transfer and deposition and therefore 
planform adjustment (Fig. 6.32). Hence, instead of focusing management on adjusting 
reaches in the upper floodplain valley zone to create stability the following question 
should be asked: why do channels in the upper floodplain valley transfer zone of the USC 
show persistent stability? Reaches showing relative planform stability in the upper 
floodplain valley zone could indicate managed reaches and present an opportunity for 
reach scale restoration to allow natural processes of sediment erosion, transfer and 
deposition.  For example, St John’s Beck (Chapter 4) is a channelized river, in the upper 
floodplain valley transfer zone, and displayed relative planform stability over the last 150 
years (Fig. 6.21). However, during the extreme Storm Desmond flood event (Chapter 4) 
significant river bank erosion and deposition was observed in artificially confined sections 
and the system adjusted to a more natural planform: a natural ‘re-wilding’ process (Fig. 
4.5). The system was subsequently modified and embankments were reinstated (Fig. 4.10) 
after the flood event. To restore natural process-form relationships would involve 
removing the embankments enabling the channel to naturally interact with the 
floodplains and erode a more sinuous planform. This research therefore can be useful for 
identifying reaches for management priority.  
 
The findings of this research can be used to identify both reaches and catchments for 
management or restoration (e.g. Figs. 6.16, 6.21, 6.41). Catchment based management 
such as natural flood management schemes, (e.g. flood retention storage areas, logjams, 
increasing channel floodplain connectivity), will influence the supply of sediment and 
sediment storage zones (e.g. local storage of sediment behind logjams). The USC of a 
restored river system will therefore have multiple local sediment stores (e.g. flood 
retention features, logjams).  
 
7.4  Directions for future research  
7.4.1  Extend the spatial and temporal extent of analysis  
In the Lake District upland study region assessments of planform adjustment and 
stability have been guided by the available full coverage historic maps (earliest 1860s) 
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and air photographs (latest used 2010). The extreme Storm Desmond flood event 
(December 2015) was the largest flood event in the >558 year flood record determined 
from lake sediment archives (Chiverrell et al., 2019) and caused significant geomorphic 
work which was recorded at the reach scale through field investigations along St John’s 
Beck (Chapter 4). To further investigate the impacts of the Storm Desmond flood on 
sediment continuity and planform adjustment at the catchment and regional scale 
throughout the USC, recent full coverage air photographs could be used to map planform 
adjustment and stability (e.g. 2019 Google Earth Satellite imagery). This will allow the 
spatial patterns of adjustments observed across the study region to be identified and 
placed in the context of this recent extreme flood event. This will help to identify the 
influence of low frequency, high magnitude flood events at the catchment and multiple 
catchment scale (RQ3). 
 
The methodology developed has been applied and tested on the Lake District upland 
region, north-west England. However, the methodology developed could be applied to 
other larger or smaller upland areas (e.g. Scottish uplands) to view the patterns and 
controls of river planform adjustment over the past c. 150 years. Ordnance Survey, 1860s 
historic maps are readily available for the UK and remote sensing technologies now allow 
widespread rapid acquisition of large scale air photography. Therefore, there is potential 
to extend the analysis to other upland regions using available topographic data and make 
multiple regional comparisons of planform adjustment and stability.  
 
7.4.2  Investigate the influence of high magnitude, low frequency flood events on 
sediment continuity and planform adjustment in greater detail at the catchment 
and regional scale 
In this thesis, the influence of high magnitude, low frequency flood events on planform 
stability was identified at the reach scale (Chapter 4).  However, linking flood-rich periods 
to planform adjustment and stability at the catchment and regional scale remains a 
challenge. This is because of the lack of flow gauges in the upland region, 19 gauges were 
present in the study region, but not all of the catchments studied had a flow gauge (e.g. 
Wasdale, Ennerdale). Flow gauges were often positioned on high order channels, 
downstream of lakes or reservoirs in the upper floodplain valley transfer zone of the USC.  
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There is spatial heterogeneity in rainfall across the Lake District related to orographic 
controls and rain shadow effects (Fig. 6.40), (Jones and Conway, 1997; Barker et al., 
2004). Therefore, it is expected that there will be spatially variability in flood events 
(Johnson and Warburton, 2002) and impacts on planform adjustment across the region. 
To better constrain the flood record in the region, dating of flood deposits (such as 
boulders, berms) using lichenometry could be completed. This will provide an indication 
of localised flood events in headwaters of the USC. Sediment cores from lakes (Chiverrell 
et al., 2019) or floodplains (Fuller et al., 2019) also provide the opportunity for dating 
historical flood events across the upland region. If this is done across multiple catchments 
across the upland region in the production and transfer zone of the USC, this will allow 
the influence of localised floods on planform adjustment to be distinguished from 
catchment and regional scale flood events.  
 
7.4.3  Produce a multiple catchment sediment budget for the past 150 years 
Sediment continuity has been inferred by assessing patterns of planform adjustment and 
stability over the past 150 years in the Lake District study region. In Chapter 4 a 
sediment budget was produced for St John’s Beck, in the upper floodplain transfer zone 
of the USC. To extend this analysis, sediment budgets can be produced in the headwater 
production zone via field survey or patterns of planform adjustment (e.g. changes in 
channel area, bar area) can be extracted from the GIS data and converted into areas. 
Using local measurements of sediment depths and bulk densities (e.g. using the field data 
collected in Chapter 4 on St John’s Beck), sediment mass transfer over the historical time 
period in the Lake District upland region can be quantified. Sediment budgets can then 
be compared in the headwater production zone and valley floodplain transfer zone to 
understand sediment continuity along the full upland sediment cascade.  
 
7.4.4  Investigate the probabilities of future planform adjustment  
This research has quantified the spatial patterns and geomorphic variables of river 
planform adjustments over 150 years in the Lake District and analysed the data using 
correlative and linear approaches (Chapter 5 and 6). The data collected within this 
research could be used to identify the probability of planform adjustment occurrence 
using the geomorphic characteristics as explanatory variables. This could be further 
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investigated using multivariate logistic regression models (Downs, 1994; 1995), principle 
component analysis (David et al., 2016) or machine learning (Piégay et al., 2020). Further 
analysis will quantify the probability of planform adjustment occurrence; this would allow 
management and restoration decisions to be made with a quantitative evidence base.  
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Hillslope erosion and accelerated lake sedimentation are often reported as the source and main stores of sedi-
ment in the upland sediment cascade during extreme flood events. While upland valley floodplain systems in
the transfer zone have the potential to influence sediment continuity during extreme events, their geomorphic
response is rarely quantified. This paper quantifies the sediment continuity through a regulated upland valleyflu-
vial system(St John's Beck, Cumbria, UK) in response to the extremeStormDesmond (4–6December 2015)flood
event. A sediment budget framework is used to quantify geomorphic response and evaluate sediment transport
during the event. Field measurements show 6500 ± 710 t of sediment was eroded or scoured from the river
floodplains, banks and bed during the event, with 6300 ± 570 t of sediment deposited in the channel or on
the surrounding floodplains. b6% of sediment eroded during the flood event was transported out of the 8 km
channel. Floodplain sediment storage was seen to be restricted to areas of overbank flow where the channel
was unconfined. Results indicate that, rather than upland floodplain valleys functioning as effective transfer
reaches, they instead comprise significant storage zones that capture coarse flood sediments and disrupt sedi-
ment continuity downstream.
Crown Copyright © 2018 Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction
Upland rivers are active geomorphic systems that generate some of
the highest annual global sediment yields (Milliman and Syvitski,
1992). The steep channel gradients, high runoff and dynamic geomor-
phic processes result in high rates of sediment production, transfer, de-
position and geomorphic change (Johnson and Warburton, 2002;
Warburton, 2010). These processes are greatest during highmagnitude,
low frequency, extremeflood events when sediment yields can increase
by orders of magnitude, even when averaged over centennial to millen-
nial timescales (Korup, 2012; Wicherski et al., 2017). The geomorphic
impacts of these extreme events such as riverbed and bank erosion
(Prosser et al., 2000; Milan, 2012; Thompson and Croke, 2013), channel
widening (Krapesch et al., 2011), overbank sediment deposition
(Williams and Costa, 1988; Knox, 2006), floodplain scour (Magilligan,
1992) and the destruction of protection structures (Langhammer,
2010) can have significant impacts on upland river valleys and sur-
rounding society and infrastructure (Davies and Korup, 2010). Many
of these upland systems have been anthropogenically modified to min-
imise the geomorphic impacts of 1 in 100 yr flood events (Hey and
Winterbottom, 1990; Gergel et al., 2002), but under extreme flows
managed river corridors can be reactivated.
Previous research has focused on understanding the controls of such
geomorphic change during extreme events to help better predict and
manage the impacts. For example, studies have explored the potential
for geomorphic work through magnitude-frequency relationships
(Wolman and Gerson, 1978), hydraulic forces (i.e., discharge, shear
stress, stream power (Magilligan, 1992; Thompson and Croke, 2013)),
catchment characteristics such as valley confinement (Righini et al.,
2017), the role of engineered structures (Langhammer, 2010) and an-
thropogenic modifications (Lewin, 2013). However, only a few studies
(Trimble, 2010;Warburton, 2010;Warburton et al., 2016) have investi-
gated the geomorphic impacts of extreme events in terms of sediment
continuity of the upland catchment sediment cascade (USC). Here, sed-
iment continuity is defined as the physical transfer or exchange of sed-
iment from one part of the fluvial system to another, and represents the
conservation of mass between sediment inputs, stores and outputs.
Sediment continuity is therefore distinct from the concept of sediment
connectivity (Hooke, 2003; Bracken et al., 2015) as it describes the path-
ways for sediment transfer by quantifying the physical movement and
storage of sediment mass.
TheUSC describes the supply, transfer and storage of catchment sed-
iment from source to sink (Chorley and Kennedy, 1971; Slaymaker,
1991; Burt and Allison, 2010). Fig. 1 provides a framework for the USC
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displaying the main sediment stores that are often characterised in up-
land sediment budget studies (Reid andDunne, 1996; Fuller et al., 2002;
Brewer and Passmore, 2002). The USC is adapted from Schumm's
(1977) simple sediment cascade (SSC) model that divides the fluvial
system into the production zone, transfer zone and deposition zone. In
many upland regions however, the SSC is modified due to the presence
of water bodies such as lakes, reservoirs or impoundments, which re-
strict sediment continuity between zones (Foster, 2010). Many of
these water bodies (N40%) are the product of previous glacial activity
that has scoured over-deepened basins (Herdendorf, 1982; Foster,
2010; McDougall and Evans, 2015). These basins occur both towards
headwaters, between catchment production and transfer zones, as
well as in lowland reaches where they form major long term deposi-
tional sites (Petts, 1979; Williams and Wolman, 1984; Kondolf, 1997).
The movement of coarse sediment in and between the zones of the
USC has been compared to a ‘jerky conveyor belt’ (Ferguson, 1981;
Newson, 1997) where sediment is transferred and stored over a range
of temporal scales. Sediment stores can fuel or buffer sediment trans-
port rates and therefore influence sediment continuity and potential
geomorphic change downstream; this is particularly relevant during
less frequent highermagnitude events where sources and stores of sed-
iment can rapidly change over a short period of time (Davies and Korup,
2010; Fryirs, 2013).
The USC production zone is characterised by mountain torrent and
cascade channels that have steep channel slopes (N0.03–0.30) and sur-
rounding hillslopes (N0.15–0.7) (Montgomery and Buffington, 1993).
Here, channels are confined by the local valley topography and have
no intervening floodplain; hillslopes are strongly (N80%) coupled to
the channel (Lewin, 1981; Montgomery and Buffington, 1993; Harvey,
2001; Korup, 2005; Crozier, 2010). Sediment flux in this zone is domi-
nated by suspended sediment, but during flood events bedload and
coarse sediment stored on hillslopes can bemobilised, thus contributing
to the total sediment load (Ashbridge, 1995). Hillslope erosion pro-
cesses (mass wasting or water-driven) are the principal sources of sed-
iment, which is deposited either on the hillslopes or in the channel
(Montgomery andBuffington, 1993; Fuller et al., 2016). Previous studies
have explored sediment dynamics in the USC production zone includ-
ing: (i) hillslope-channel coupling relationships (Harvey, 2001, 2007;
Johnson et al., 2008; Smith and Dragovich, 2008; Caine and Swanson,
2013), (ii) variability in sediment supply, transfer and deposition
(Johnson and Warburton, 2006), (iii) response of these systems to ex-
treme flood events (Johnson andWarburton, 2002) and (iv) the relative
contribution of sediment sources to the channel through sediment
budgeting approaches (Warburton, 2010).
In contrast, in the transfer zone (Fig. 1), sediment sources and de-
posits differ from those of the production zone as the channel (or pied-
mont channel) gradient decreases (slopes of b0.001–0.03), floodplain
width increases, and the channel becomes unconfined allowing greater
channel-floodplain interaction (Lewin, 1981; Church, 2002). Hillslope
erosion processes are disconnected from the active channel by flood-
plains and therefore do not contribute directly to channel sedimenta-
tion (Lewin, 1981; Church, 2002). Instead, sediment in this zone is
sourced from tributary inputs and reworked from channel bed and
bank deposits. Suspended sediment dominates the low to medium
flow sediment fluxes, with bedload sediment stored in the channel
only mobilised at 50–60% of bankfull flow (Carling, 1988; Knighton,
1998; Fuller et al., 2002). Only during overbank flow is the largest
bedload sediment entrained in quantity in this zone (Carling, 1988).
Sediment continuity in the transfer zone is heavily influenced by an-
thropogenic modifications to the system (Fryirs et al., 2007; Lewin,
2013). The presence of upstream reservoirs or impoundments disrupt
coarse sediment supply from headwaters, and influence the potential
for sediment transport downstream through flow regulation (Petts
and Thoms, 1986; Kondolf, 1997). Many of these systems have become
“genetically modified” over time (Lewin, 2013) with channels artifi-
cially confined by flood protection structures to safeguard adjacent
land, reducing channel-floodplain interactions. Consequently, sediment
continuity and potential for sediment storage on the floodplains during
extreme flood events is heavily modified by anthropogenic activity
(Wohl, 2015).
Previous research has discussed the impacts of lakes, dams and im-
poundments on downstream sediment transport in the USC transfer
Fig. 1. The upland sediment cascade (USC) framework displaying sediment stores and the relative sediment continuity through each store during non-flood conditions. The USC
framework is modified from Schumm's (1977) Simple Sediment Cascade model.
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zone (Gurnell, 1983; Kondolf, 1997; Petts and Gurnell, 2005). More re-
cently, Sear et al. (2017) modelled the response to the 2009 and
2015 Cumbria floods on the Lower River Derwent, downstream of
Bassenthwaite Lake, showing how the modified confined channel
reverted to a course dictated by thewider valleymorphology. However,
the continuity of sediment transfer through intervening modified
valley systems has only rarely been directly surveyed or evaluated in
detail after extreme flood events (i.e., Johnson and Warburton, 2002;
Warburton, 2010) and few studies have looked at how these systems
recover following these extremes (Milan, 2012).
Understanding sediment continuity during extreme events in up-
land valley systems will become increasingly important for hazard
management given projected increases in winter precipitation from
predicted climate change (Raven et al., 2010; van Oldenborgh et al.,
2015). However, extreme flood events are difficult to predict (Lisenby
et al., 2018) and there are few direct measurements from these events.
Consequently, their impacts have to be inferred fromhistorical informa-
tion and estimates of the quantity of sediment stored and transported
are generally poorly constrained.
This paper quantifies the geomorphic response of an upland river
valley system (transfer zone) to Storm Desmond, an extreme flood
event that hit Cumbria, Northwest UK in December 2015. Specifically
we (i) quantify the geomorphic impacts of the extreme event on the
upper floodplain valley system of the USC; (ii) estimate bedload sedi-
ment transport rates during the flood; (iii) evaluate system recovery
one year after the flood event and (iv) place findings within the wider
context of sediment continuity through the USC. This study is the first
to quantify the role of the floodplain zone in the USC in response to an
extreme event and thus will enable better understanding of sediment
continuity in upland regions.
2. Study site
This study focused on St John's Beck, an 8 km channelised, regulated
gravel bed river downstream of Thirlmere Reservoir, Central Lake Dis-
trict, UK (OS National Grid Reference (NGR): NY 318203, catchment
area including Thirlmere Reservoir is 53.4 km2, effective catchment
area is 12 km2) (Fig. 2a). St John's Beck is a tributary to the River Greta
that flows through the town of Keswick before discharging into
Bassenthwaite Lake (area = 5.1 km2). St John's Beck ranges in altitude
from 178 m OD at the Thirlmere Reservoir outlet to 130 m OD where
it joins the River Greta (Fig. 2a). St John's Beck lies in the upper flood-
plain transfer zone of the USC (Fig. 2b). The channel has a Strahler
(1952) stream order of 3, mean channel slope of 0.005 and mean chan-
nel width of 12 m. St John's Beck lies in a previously glaciated valley
(Vale of St John's) that is underlain by Ordovician Borrowdale Volcanic
rocks in the north of the catchment and the Skiddaw group in the
south. The land surrounding the channel is predominantlymixedwood-
land and pasture used for livestock grazing. St John's Beck is a Site of
Special Scientific Interest and lies in the Derwent and Bassenthwaite
Lake Special Area of Conservation. The river is protected to support
salmon, lamprey species, otters and floating water plantain (Wallace
and Atkins, 1997; Reid, 2014).
St John's Beck has a wandering planform which has been restricted
laterally due to channelisation in the late nineteenth century following
the impoundment of Thirlmere Reservoir (area=3.3 km2). The channel
is confined by the natural valley topography in the upstream reaches.
Floodplain valley width increases 1.8 km downstream from Thirlmere
Reservoir (Fig. 2a), however the river channel has beenmodified and re-
stricted from movement here (1.8–5 km downstream) through bank
reinforcement and flood protection levees. Flood protection levees
were built to protect farmland and a major link road from flooding.
Long term flow regulation has influenced sediment transport rates in
St John's Beck and as a result the systemdisplays clear zones of aggrada-
tion. There are four first order tributaries that flow into St John's Beck.
Flow and sediment are intercepted from two of these tributaries,
which drain the Helvellyn mountain range and are directed to
Thirlmere Reservoir (Reid, 2014; Bromley, 2015). The third and fourth
first order tributaries are constrained by the presence of a road and a
sediment trap and therefore are not a major source of sediment to
St John's Beck.
3. The Storm Desmond flood event
Extreme flood events in the Lake District have been documented
from 1690 to the present (Watkins and Whyte, 2008) (recent floods
summarised in Table 1). This study describes the geomorphological im-
pacts of the Storm Desmond (4–6 December 2015) flood event. Storm
Fig. 2. (A) Location and catchment area of St John's Beck, Cumbria, UK, identifying the
study reach and catchment discharge and rainfall gauging stations. Arrows indicate flow
direction. (B) Long profile through the St John's Beck catchment showing the
interruption of Thirlmere Reservoir on the USC.
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Desmond, a North Atlantic storm, was associated with a mild andmoist
slow moving low pressure system located northwest of the UK that
brought severe gales and exceptionally persistent heavy rainfall over
northern UK (Met Office, 2016). Northern England experienced the
wettest December on record (in a series from 1910), following the sec-
ond wettest November, after 2009 (McCarthy et al., 2016). The average
December rainfall doubled in northern England, with the Lake District
receiving three times its average monthly rainfall (McCarthy et al.,
2016). Storm Desmond produced record-breaking rainfall maximums
in the UK: 341.4 mm rainfall was recorded in a 24 h period at Honister
Pass (NGR NY 225134), Western Lake District, and 405 mm of rainfall
was recorded in a 38 h period at Thirlmere (study catchment), central
Lake District (NGR NY 313194). The storm was the largest in the
150 yr local Cumbrian rainfall series (1867–2017), and exceeded previ-
ous records set in the 2005 and2009 Cumbrianfloods. The estimated re-
turn period for the rainfall event was 1 in 1300 years (CEH, 2015) based
on the FEH13 rainfall frequencymodel (Stewart et al., 2014). The UK cli-
mate projection change scenarios for northwest England predict winter
flood events like this will occur more often in the future because of in-
creases in rainfall intensity due to climate change (Watts et al., 2015).
3.1. Storm Desmond impacts
Storm Desmond caused widespread disruption across northern
England, and in particular in upland areas in the Lake District region.
The event captured national attention when extreme weather condi-
tions prompted a full scale emergency response to extreme flooding,
erosion and sediment movement by upland rivers. Over 5000 homes
were flooded, access routes were destroyed (257 bridges destroyed)
and key infrastructure was affected, including the erosion of the main
A591 trunk road through the central Lake District. The latter was esti-
mated to cost the local economy £1 million per day (BBC, 2016). In
the production zone of the USC, saturated hillslopes and high porewater
pressures triggered landslides in a number of valleys, with sediment
eroded and transported through mountain torrents (Warburton et al.,
2016). Geomorphic impacts in the upper floodplain system of the USC
included the erosion of riverbed and banks, floodplain scour, scour
around man-made structures (bridges, levees) and extensive deposi-
tion of coarse sediment across floodplains. Storm Desmond caused se-
vere flooding and substantial geomorphic change along St John's Beck
(Fig. 3).
3.2. Hydrological regime in St John's Beck
Flooding is not unusual in St John's Beck, historic accounts describe a
“most dreadful storm…with such a torrent of rain, [which] changed the
face of the country and did incredible damage in [St John's in the Vale]”
in 1750, (Smith, 1754). This historical event has characteristics similar
to that of Storm Desmond, with large boulders of sediment being
transported and deposited on floodplains along the transfer zone.
Long term rainfall records available for the St John's Beck Catchment
(Fig. 4a, Helvellyn Birkside gauging station NGR NY 338133, ~6.3 km
south of St John's Beck; Fig. 1) show Storm Desmond contributes to
the greatest monthly rainfall event (1361 mm rainfall in December
2015) being five times higher than the mean December rainfall total
in the 150 yr time series. The rain gauge on St John's Beck (NGR NY
313 195; Fig. 1) shows the rain that fell during December 2015 fell on
previously saturated ground, following a total of 559 mm in November
2015 (Fig. 4b). These antecedent conditions comprise the second wet-
test November recorded at this site after the 2009 floods (Met Office,
2016). Daily rainfall totals (Fig. 4c) show the event peaked on 5 Decem-
ber 2015, where over a 15min peak period, an estimated 6.8mmof rain
was recorded. Discharge records for St John's Beck (Fig. 5a) similarly
show Storm Desmond was the largest magnitude event in the 82 yr
flow record with an estimated peak discharge recorded during the
event of 75.4 m3 s−1 (Fig. 5b). Mean discharge for St John's Beck during
the 82 yr record period is 0.85 m3 s−1; in 2015 mean discharge was
2 m3 s−1.
4. Methods
This study analyses geomorphic data collected during two field cam-
paigns at St John's Beck. The first survey was completed after the Storm
Desmondflood (April–May 2016) to capture the geomorphic impacts of
this event before clean-up operations and reworking of flood sediments
occurred. The second survey was conducted in June 2017 to assess
short-term system recovery following the flood. All field data were
digitised and analysed in a GIS in British National Grid coordinates. A
5 m resolution digital elevation model (DEM) (Digimap, 2016), pre-
flood aerial imagery, 2009–2011, (from Bluesky International Limited,
resolution 0.25 m) and post-flood event, May 2016, (from the Environ-
ment Agency, resolution 0.2 m) were used for validating field measure-
ments and to assess valley topographic and local controls of the
geomorphic impacts observed.
4.1. Geomorphic analysis
4.1.1. Channel geometry and bed material
A Leica Geosystems Real Time Kinetic differential GPS (RTK dGPS)
1200, was used to survey channel cross section geometry, floodplain ge-
ometry and thalweg long profile during the 2016 and 2017 surveys.
Cross section sites were chosen along the 8 km river where there was
a clear change in channel geomorphology identified by a walk-over re-
connaissance of the catchment in 2016. A total of 22 sites for cross sec-
tion surveys were chosen along St John's Beck. Cross section 1 was
located near the St John's Beck gauging station (1 km downstream
from Thirlmere Reservoir), so all data collected could be discussed in re-
lation to the flow and rainfall records (Figs. 4b, c, and 5). The last cross
section was located near the confluence with the River Greta (7.8 km
downstream). Ten of the cross section sites were located along a
1.3 km length reach where significant riverbank erosion and overbank
flood sediment deposition occurred during Storm Desmond. Survey
pegs were positioned at the endpoints of each cross section in 2016
and used as control points to allow resurvey in 2017. Cross section pro-
file RTK dGPSmeasurements had amean accuracy of±0.02m and stan-
dard deviation of 0.06 m in the 2016 survey, and a mean accuracy of ±
0.03 m and standard deviation of 0.03 m in the 2017 survey. Bankfull
channel cross-sectional area was calculated at each cross section and
changes in channel bankfull capacity (m2 yr−1) were calculated by
differencing the data collected over the survey periods. Thalweg long
profile was surveyed using the RTK dGPS. Average profile point spacing
was 8 m (mean accuracy of ±0.02m and standard deviation of 0.01m)
in the 2016 survey and 12 m (mean accuracy of ±0.03 m and standard
deviation of ±0.01 m) in the 2017 survey.
Table 1
Recent flood events in Cumbria, UK, including the 24-h rainfall total and 24-h rainfall return period.
Date of event Rainfall (mm) in 24-h period Estimated 24-h rainfall return period (yr) Reference
31 January 1995 163.5 80 Johnson and Warburton (2002)
7–8 January 2005 173 100 Roberts et al. (2009); Environment Agency (2006)
18–20 November 2009 316.4 480 Sibley (2010); Stewart et al. (2010); CEH (2015)
Storm Desmond, 4–6 December 2015 341.4 1300 CEH (2015)
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Channel surface bed material was measured at each cross section
following the pebble count method for grain size distribution (GSD) in
the 2016 and 2017 field campaigns. The b-axis of 100 particles were
randomly measured (particle under tip of the toe method; Wolman,
1954) along the width of each cross section. The median diameter
grain size (D50) and the 90th percentile (D90) were calculated and
used to understand system response and sediment transfer following
the event.
4.1.2. Bedload transport
Bedload sediment transport during Storm Desmond was estimated
using the Bedload Assessment for Gravel-bed Streams (BAGS) software
(Pitlick et al., 2009) applying a surface-based bedload transport equa-
tion (Wilcock and Crowe, 2003). The input parameters were: the GSD
of the channel bed surface, cross-sectional data including floodplains,
cross section averaged bed elevation slope, flow discharge in the form
of a flow exceedance curve for the event, and Manning's “n” values for
a clean winding channel (0.04) and short grass floodplains (0.03) esti-
mated from Chow (1959). Sensitivity to Manning's “n” values was
assessed using Chow (1959) minimum and maximum values for the
channel and floodplains. Morphological change between cross sections
was calculated by subtracting the downstream cross section bedload
transport rate from the upstream value to identify net erosion and de-
position reaches.
Historical bedload sediment transport rates were also estimated
using the BAGS model (i) as an average daily transport rate for the
long-term daily discharge record 1935–2015, and (ii) for the top five
discharge events in the long term (15 min interval) flow record. Whilst
we assume that the cross-sectional profiles and grain size distribution
are the same as the post-Desmond channel, this analysis allows us to
Fig. 3. Photographs of the impacts of Storm Desmond along St John's Beck and the surrounding floodplains. (A–B) Flood sediments and debris (tree trunks) transported and deposited on
floodplains and in the channel. (C–D) Floodplain scour. (E) Riverbank erosion. (F) Destruction of the access bridge over St John's Beck to LowBridge End Farm (bridge approximately 3.5m
high for scale).
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assess the importance of the Storm Desmond event on sediment trans-
port rates in relation to the longer term system history.
4.2. Geomorphic impacts of the Storm Desmond event: sediment budget
analysis
A sediment budget frameworkwas used to quantify the geomorphic
impacts of the Storm Desmond event and identify the dominant stores
of sediment along St John's Beck. Sediment budgets focus onquantifying
the erosion, deposition and transfer of sediment through a channel or
reach over an event or time period (Reid and Dunne, 1996; Brewer
and Passmore, 2002; Fuller et al., 2003). Sediment budgets represent
the conservation of mass and can be summarised as (Slaymaker, 2003):
OS ¼ Is þ ∆Ss ð1Þ
where Os is the sediment output (yield) of the reach, Is is input of sedi-
ment from dynamic sediment sources, and Ss is sediment stored on
floodplains, channels etc. This framework is useful to understand local
sediment continuity in response to a particular event and indicate
whether a system is balanced (Reid and Dunne, 2003). The main geo-
morphic depositional (Ss) and erosional (Is) features identified after
Storm Desmond along St John's Beck were: floodplain sediment
deposits, in-channel bars, floodplain scour, channel bed scour and river-
bank erosion (Fig. 3). Floodplain scour is differentiated from bank ero-
sion as it is associated with the stripping of the floodplain surface
(vegetation) and removal of large blocks of sediment (Nanson, 1986);
whereas bank erosion is defined as the removal of sediment from the
bank by hydraulic action or through mass failure (Odgaard, 1987;
Knighton, 1998). The volume and sediment size distribution of ero-
sional and depositional components were measured using the RTK
dGPS, and pebble count technique (Wolman, 1954) and their spatial ex-
tent was validated using the pre- and post-event aerial photographs.
Channel bed scour was active during the event, however, it was not di-
rectly measured as no cross sections were monumented prior to Storm
Desmond. During flood events some reaches can experience scour
whilst other reaches aggrade (Reid and Dunne, 1996). The location of
channel bed scour was assumed to occur where riverbank erosion or
floodplain scour was observed after Storm Desmond; this was quanti-
fied using the post-event air photo and field data in GIS. The depth of
(A)
(B)
(C) 
Fig. 4.Rainfall records in the St John's Beck catchment. (A) Long term (1860–2017)monthly rainfall variability in the St John's Beck catchment from theHelvellyn Birkside rain gauge (NGR
NY 338133). (B) Monthly rainfall totals from the St John's Beck Environment Agency (EA) tipping bucket rain gauge (TBG) from 1995 to 2017. (C) 15 min interval rainfall record from
St John's Beck EA TBG (NGR NY313 195) during the Storm Desmond flood event.
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channel bed scour was estimated according to Carling's (1987) scour-
depth relation for gravel bed rivers:
ds ¼ 0:043Q0:27 ð2Þ
where ds is depth of scour (m) and Q is the event peak discharge
(m3 s−1).
Volumes of sediment eroded and deposited for each geomorphic
component were converted to sediment mass using local values of
coarse sediment bulk density of 1860 ± 17 kg m3 derived from the
mean bulk density of 30 measured samples from the channel bed and
floodplain sediment deposits.
Sediment input and output of St John's Beck during the eventwas es-
timated by converting the BAGS estimated event bedload sediment
transport rates into (cross section 1, 1 km downstream) and out of
St John's Beck (cross section 22, 7.8 kmdownstream) into the event sed-
iment yield.
Error in sediment budgets represents a combination of survey mea-
surements and calculations, so standard methods of error analysis are
difficult to apply. Often, sediment budget error is calculated as an un-
measured residual by subtracting the erosion and deposition compo-
nents (Kondolf and Matthews, 1991; Reid and Dunne, 2003). As a
result, sediment budgets may balance only because errors are hidden
in the residual terms (Kondolf andMatthews, 1991). To avoidmisrepre-
sentation of the sediment balance, in this study the standard error was
calculated for each measurement technique for each geomorphic
component. The standard errors were summed and then converted to
a percentage before being converted to mass (t) for each component.
For example, floodplain deposit mass error represents a combination
of errors from the RTK dGPS, depth of deposit, and bulk density error
measurements. The standard error from these measurements was
calculated and then summed to calculate the total error percentage be-
fore being converted to the mass error (t).
4.3. Factors controlling geomorphic change
4.3.1. Lateral channel confinement ratio
Channel confinement describes the extent to which topography,
such as hillslopes, river terraces and artificial structures, limit the lateral
mobility of a river channel (Nagel et al., 2014). Lateral channel confine-
ment ratio (C) was calculated as:
C ¼ W f
Wc
ð3Þ
where wf is the floodplain width and wc is the active channel width.
Floodplainwidth (pre- and post-StormDesmond) is defined as the hor-
izontal distance from the top of the channel bank to the base of the hill-
slope (Gellis et al., 2017); this is determined using the 2009–2011 and
2016 aerial photographs, the 5 m resolution DEM and the 2016 field
data. The active channel width was measured (1) prior to Storm
Desmond using the 2009–2011 aerial photographs, and (2) after
Storm Desmond using the RTK dGPS channel cross section measure-
ments and May 2016 aerial photographs. Channel and floodplain
width were measured at the 22 cross section sites.
Hall et al. (2007) documented that confined channels have a con-
finement ratio of ≤3.8 and unconfined channels a ratio of N3.8. Channel
confinement can influence the potential for sediment erosion and depo-
sition; for example, Thompson and Croke (2013) found that in a high
magnitudeflood event in the Lockyer Valley, Australia, erosionwas con-
centrated in the confined reaches, and deposition was concentrated in
unconfined reacheswithfloodplains acting as amajor store of sediment.
Such behaviour may be affected by the presence of structures such as
Fig. 5.Discharge records for St John's Beck gauging station. (A) Annualmaximum flood peaks for St John's Beck gauging station 1935–2016 using daily mean and 15min interval recorded
flow data. (B) Estimated discharge, stage height and total rainfall during Storm Desmond.
51H.M. Joyce et al. / Geomorphology 317 (2018) 45–61
     Appendix A 
265 
 
 
 
 
 
 
 
Fi
g.
6.
G
eo
m
or
ph
ic
im
pa
ct
s
of
th
e
St
or
m
D
es
m
on
d
flo
od
ev
en
ta
lo
ng
St
Jo
hn
's
Be
ck
,fl
ow
di
re
ct
io
n
N
or
th
.(
A)
Lo
ca
tio
n
of
er
os
io
n
an
d
de
po
si
tio
n
im
pa
ct
s
al
on
g
St
Jo
hn
's
Be
ck
.(
B)
D
et
ai
le
d
ge
om
or
ph
ic
m
ap
sh
ow
in
g
an
ex
am
pl
e
re
ac
h
(1
.7
–3
.6
km
do
w
ns
tr
ea
m
of
Th
ir
lm
er
e
Re
se
rv
oi
r)
w
ith
er
os
io
n
an
d
de
po
si
tio
n
im
pa
ct
s.
52 H.M. Joyce et al. / Geomorphology 317 (2018) 45–61
Appendix A 
266 
 
 
 
 
 
 
 
levees or roads, which are present along St John's Beck. Three types of
confinement were identified along St John's Beck: (1) natural confine-
ment, defined as the channel confinement by the natural valley bottom
topography; (2) artificial confinement, where reaches of the channel
have been modified through reinforced riverbanks, the presence of
walls, levees, or road embankments that prevent the channel from mi-
grating laterally; and (3) the post-Storm Desmond confinement taking
into consideration the active channel width following the extreme
event.
4.3.2. Stream power and shear stress
At the reach scale average shear stress, Eq. (4) (Du Boys, 1879), crit-
ical shear stress, Eq. (5) (Gordon et al., 1992), unit streampower, Eq. (6)
(Bagnold, 1966) and critical unit stream power Eq. (7) (Bagnold, 1966;
Williams, 1983; Petit et al., 2005) were calculated for the Storm
Desmond flood to understand the potential magnitude of sediment
transport rates and geomorphic impacts observed during the event
using the one-dimensional uniform flow approximations:
τ ¼ ρgdS ð4Þ
τc ¼ 0:97Di ð5Þ
ω ¼ ρgQS
w
ð6Þ
ωc ¼ 0:079D1:3i ð7Þ
where τ is the reach averaged shear stress (N m−2), ρ is the density of
water (kg m−3), g is the acceleration of gravity (m s−2), S is channel
bed slope (m m−1) and d is the maximum water depth during the
event (m). τc is the critical shear stress (N m−2) and Di is the grain
size (mm). Here we use the channel D50 and D90. ω is the unit stream
power (Wm−2), Q corresponds to the peak discharge (m3 s−1) during
Storm Desmond and w (m) is the bankfull width during the flood. ωc
is the critical unit stream power (W m−2) for particle motion based
on Williams' (1983) relation for gravel transport in rivers with grain
sizes between 10 and 1500 mm. Calculations were applied at the cross
section locations and the critical shear stress (τ N τc) and critical stream
power (ω N ωc) entrainment thresholds estimated to understand the
potential for sediment mobility during the event. Shear stress and
streampower calculationswere also calculated using the June 2017 sur-
vey data (bankfull cross section profiles, grain size data, andmean daily
discharge (0.085 m3 s−1) to quantify variation in shear stress and
stream power during non-overbank flows.
5. Results
5.1. Geomorphic response to the storm Desmond event
Storm Desmond flood impacts along St John's Beck were concen-
trated in the channel and on the surrounding floodplains. The spatial
distributions of both erosional and depositional impacts of Storm
Desmond are shown in Fig. 6a. Generally, erosion and deposition im-
pacts were observed in spatially similar locations, for example, where
bank erosion or scour occurred overbank deposition was observed. Sig-
nificant erosion and deposition impacts were observed 1.7–3.6 km
downstream of Thirlmere Reservoir (Fig. 6b). Geomorphic impacts
were less pronounced 3.6–8 km downstream of Thirlmere Reservoir;
impacts here were often concentrated locally at meander bends
(e.g., as seen at 5.2 kmdownstream fromThirlmere Reservoir, cross sec-
tion 18). Fig. 6b shows a detailed map of the reach where significant
geomorphic impacts (1.7–3.6 km downstream) were observed after
Storm Desmond. Overbank floodplain deposits and channel bars mea-
sured 2.1–2.5 km downstream (between cross sections 7 to 10) occur
where the channel is laterally unconfined. The channel in this reach
(2.1–2.5 km downstream)was identified as aggradational (low channel
capacity, channel bed nearly level with banks) in a reconnaissance sur-
vey (approach after Thorne, 1998) of the site prior to the flood. Bank
erosion and scour was concentrated on the artificially-confined reach
2.5–3 km downstream (cross sections 10 to 13). Local lateral riverbank
recession exceeded 12m and caused the destruction of flood protection
levees 2.7 km downstream of Thirlmere Reservoir (see cross section 11
Fig. 6b).Material eroded at cross section 11was subsequently deposited
on the floodplains downstream.
The dominant geomorphic features surveyed after the event were
overbank floodplain sediment deposits. Floodplain sediment deposits
located 1.8 km downstream (near cross section 5) were sourced from
a tributary and not from St John's Beck. The tributary sediment did not
enter St John's Beck due to a wall and sediment trapping structure,
therefore, the mass of sediment measured here (300 t) is excluded
from the sediment budget analysis. A total of 105 floodplain deposits
were identified from St John's Beck, equating to a sediment mass of
4700 ± 300 t. Flood sediment deposits were generally composed of a
single layer of sedimentwith ameandeposit depth 0.09m±a standard
deviation of 0.07 m; the maximum flood deposit depth measured was
0.3 m located 2.7 km downstream of Thirlmere Reservoir. The mean
grain size of sediment deposit D50 was 32 mm and D90 was 90 mm.
The 10 largest clasts from the deposits had a mean grain size of
147 mm ± a standard deviation of 12.5 mm. Flood deposit grain size
decreased with distance from the channel. The farthest flood deposit
from the channel bank (70 m distance) had a D50 of 22 mm and D90 of
63 mm. The proximal flood deposits (2 m distance from the channel)
had a mean D50 of 39 mm ± a 17 mm standard deviation and D90 of
111 mm± a standard deviation of 35 mm.
Table 2 shows the variation in grain size between the flood sediment
deposits and the channel bed sediments. Channel bed sediment D50 is
greater than the floodplain sediment deposits, however, this pattern is
reversed for sediment D90. Floodplain sediment deposits are composed
of material from the channel bed and from eroded features (such as ar-
tificial levees and stone walls), which generally have coarser grain sizes
that could account for this variation.
Riverbank erosion and floodplain scour were themain processes ac-
counting for a loss of sediment during Storm Desmond. Based on the
field data collected, 2300 ± 270 t of sediment was eroded from the riv-
erbanks. Floodplain scour contributed to the removal of 1300 ± 50 t of
sediment during the event, 40% of sediment removed through scour
was over the reach (2.2–3.6 km downstream) where significant sedi-
ment deposition was observed. Local scour of 350 ± 13 t undermined
and destroyed the access bridge to Low Bridge End Farm (see cross-
section 10, 2.5 km downstream of Thirlmere Reservoir, Fig. 6). The
depth of channel bed scour was estimated at 0.13 m according to
Carling's (1987) scour depth equation, and this equated to a mass of
2900 ± 470 t.
Fig. 7 displays the total mass of sediment eroded and deposited
along St John's Beck during Storm Desmond. The greatest mass of sedi-
ment eroded and deposited occurs from 1.7 to 3.6 km downstream
where the floodplain width increases from 7 to 450 m and channel
Table 2
Grain size (mm) of floodplain deposits and channel bed sediments in the May 2016 and
June 2017 survey.
Floodplain
sediment
deposits
Channel bed
sediments
(2016 survey)
Channel bed
sediments
(2017 survey)
d50 Max 64 77 90
Mean 32 49 53
Std. Dev. 13 14 18
d90
Max 181 90 294
Mean 90 53 122
Std. Dev. 37 17 35
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slope steepens from 0.001 (0 to 1.7 km downstream) to 0.005 (1.7 to
3.6 kmdownstream). Erosion featureswere often balanced by sediment
deposition nearby. For example, the largest mass of sediment deposited
on floodplains (1340 t) correlates with the area of greatest erosion
(980 t) 2.9 km downstream of Thirlmere Reservoir, where a levee was
destroyed and the riverbank receded by 12 m resulting in sediment de-
position over an area of 3470 m2. Erosion and deposition impacts are
less pronounced 5.2–7.8 km downstream, where the mean floodplain
valley width is 77 m ± a standard deviation of 26 m, and the mean
channel slope is 0.003. Erosion and deposition impacts at 5.2–7.8 km
downstream were mainly concentrated on meander bends. Floodplain
scour (Fig. 3c) and sediment deposition was observed on the inside of
a meander bend 5.2 km downstream where overbank flows were per-
mitted during Storm Desmond. Local bank erosion and overbank sedi-
ment deposition was observed on bends 6.8 and 7.3 km downstream.
Tree debris were observed surrounding St John's Beck following
StormDesmond. Tree debris did not cause a blockage around the access
bridge to Low Bridge End Farm. However, tree debris were observed in
the channel near cross section 10 (2.5 km downstream) (see Fig. 3b).
The limited occurrence of woody debris in the channel inhibits the for-
mation of log jams and only has local impacts on sedimentation.
5.2. Estimates of bedload sediment transport rate
The mean event bedload sediment transport rate for the 22 cross
sections was 160 t ± a standard error of 60 t. Sediment transport rates
fluctuate downstream with clear reaches of low and high sediment
transfer (Fig. 8a). For example, 1.5–2 km downstream of Thirlmere Res-
ervoir high sediment transport rates during the event (range = 220–
500 t) are estimated; these are attributed to a local increase in channel
slope. The maximum estimated transport rate during the event was
1200 t at 2.5 kmdownstream of Thirlmere Reservoir where the channel
widens and local slope increases (slope 0.01) downstream of a ford,
near the access bridge to Low Bridge End Farm that was destroyed dur-
ing the event (Fig. 3f). The sediment input into St John's Beck during the
event is estimated at 7 t (1 km downstream of Thirlmere Reservoir,
cross section 1) and the sediment output (7.8 km downstream of
Thirlmere reservoir, cross section 22), during the event is estimated as
370 t.
Zones of erosion and deposition along St John's Beck have been iden-
tified by differencing sediment transport rates between the surveyed
cross sections (Fig. 8b). A total of 10 deposition and 11 erosion zones
are defined. The zone of greatest erosion and deposition is located
from 1.8 to 4 km downstream from Thirlmere Reservoir (Fig. 8b),
which corresponds closely with field measurements of erosion and de-
position during the event (Fig. 6).
The mean daily bedload sediment transport rate (calculated as
the mean transport rate from the 22 cross sections using the
1935–2015 discharge record), is 0.05 t day−1 with a standard deviation
of 0.09 t day−1. The estimated annual bedload sediment input is esti-
mated at 0.5 t yr−1 (at cross section 1) and the bedload sediment
yield (at cross section 22) is 38 t yr−1 for St John's Beck long term dis-
charge record. The bedload sediment output during Storm Desmond
(370 t) exceeds the annual value by a factor of 9. Table 3 displays the
bedload sediment transport estimates for the top five discharge events
in the St John's Beck 15 min interval flow record. The Storm Desmond
event produced the highest bedload sediment transport rates in the
flow record, nearly double the second highest flood event in 2009.
5.3. Controlling factors that influenced geomorphic change across the reach
5.3.1. Channel confinement index
St John's Beck displays different degrees of lateral confinement
downstream (Fig. 9). The natural channel confinement pattern shows
that the channel becomes gradually unconfined downstream (Fig. 9).
For example, in the upstream reach (0 to 1.8 km downstream of
Thirlmere Reservoir) the channel is topographically confined (confine-
ment ratios range from 0.1 to 0.6) and from 4.4 to 8 km downstream
the channel is topographically unconfined (confinement ratios range
B
A
Fig. 8. Bedload sediment transport estimates along St John's Beck during Storm Desmond.
(A) Storm Desmond event bedload sediment transport rates. Error bars plotted represent
sensitivity to the maximum and minimum Manning's “n” values. (B) Zones of sediment
erosion and deposition downstream, calculated as the difference between sediment
transport rates between cross section survey locations.
Fig. 7. Total mass (t) of sediment eroded and deposited along St John's Beck during Storm Desmond, plotted alongside the natural floodplain width and riverbed longitudinal profile.
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from 5 to 65). The channel has been artificially confined from 1.8 to
4.4 km downstream by flood protection levees, reinforced banks and
walls that restrict lateral channel movement. The mean natural flood-
plain width has been reduced by 90% due to the presence of artificial
structures along the artificially confined reach 1.8 to 4.4 km down-
stream. During Storm Desmond, many of the artificially-reinforced
banks and flood protection levees were scoured or eroded increasing
the active channel width and allowing channel-floodplain interactions
(Fig. 9). After Storm Desmond the mean confinement ratio increased
from 0.95 to 17 along the artificially confined reach (1.8 to 4.4 km
downstream), indicating the system reverted to a natural floodplain-
channel width relationship (Fig. 9).
5.3.2. Shear stress and stream power
Shear stress and stream power are used to understand the energy
expenditure for erosion and sediment entrainment during the event
(Fig. 10). The shear stress values estimated for Storm Desmond are
shown in Fig. 10a. The shear stress values estimated should be regarded
asminimumvalues because they assume shear stress is the same on the
channel and floodplain and the equations assume steady uniform flow,
which was unlikely during the event. The mean shear stress value is
149 N m2 with a standard deviation of 78 N m2. The peak shear stress
value (426 N m2) was estimated 2.7 km downstream of Thirlmere Res-
ervoir; near where the access bridge was destroyed andmass overbank
coarse sediment deposition occurred. The minimum shear stress values
are estimated 1.1 to 1.3 km downstream (30–60 N m2) where local
slope is 0.001. The mean shear stress value exceeded the mean critical
entrainment thresholds for particle D50 (48 ± a standard deviation of
14 N m2) and D90 (124 ± a standard deviation of 30 N m2) (Fig. 10a),
suggesting full mobility of the GSD during the event. The mean shear
stress value estimated using the 2017 survey data (62 Nm2with a stan-
dard deviation of 40 Nm2) does not exceed the threshold for mean par-
ticle D90 (114 N m2) entrainment and only exceeds 60% of the cross
section particle D50 entrainment threshold during bankfull flow
conditions.
The unit stream power values estimated along St John's Beck using
the peak Storm Desmond discharge value range from 25 to
354 W m−2, with a mean of 230 W m−2 and a standard deviation of
132 W m−2 (Fig. 10b). The values are within the range of stream
power values documented for those causing erosion duringflood events
and sediment transport (Baker and Costa, 1987; Magilligan, 1992;
Fuller, 2008;Marchi et al., 2016). A value of 300Wm−2 is commonly re-
ferred to as a threshold for producing floodplain erosion (Baker and
Costa, 1987; Magilligan, 1992; Fuller, 2008). Significant erosion and
Table 3
Bedload sediment transport estimates for the top five discharge events from the 15min interval flow series data for St John's Beck. The event bedload transport rates are calculated as the
mean transport rate from the 22 cross sections, and the event sediment yield is calculated at cross section 22.
Event Bedload Sediment Transport Rate (t)
Date of event Estimated event peak discharge (m3 s−1) Event rainfall total (mm) Mean Std. Dev. Max Event Sediment Yield
4/12/2015–6/12/2015 75.4 405.0 157 283 1229 370
17/12/2009–20/11/2009 59.8 400.0 91 166 700 210
7/01/2005–8/01/2005 47.7 180.0 30 55 188 70
31/01/1995–01/02/1995 39.0 – 25 45 151 54
21/12/1985–22/12/1985 36.6 – 21 41 142 32
Fig. 9. Natural, artificial and post Storm Desmond lateral channel confinement ratios along St John's Beck. Hollow circles indicate the natural system if the channel was not artificially
confined. The dashed box indicates the area where significant sediment erosion and deposition was observed during Storm Desmond. Continuous line indicates the confined and
unconfined threshold.
55H.M. Joyce et al. / Geomorphology 317 (2018) 45–61
     Appendix A 
269 
 
 
 
 
 
 
 
scour was observed 2.5 km downstream where an access bridge was
destroyed and where stream power was estimated at 420 W m−2. The
mean unit stream power estimate (230 W m−2) exceeds the critical
unit stream power value for particle D50 (13 W m−2) and D90
(54 W m−2) entrainment, suggesting mobilisation of the coarsest
grains. The mean unit stream power, estimated using the 2017 data
and mean daily discharge, is 0.26 W m−2 ± a standard deviation of
0.12 W m−2; this value does not exceed the critical stream power
threshold for channel bed particle D50 and D90 entrainment.
5.4. System resurvey in 2017
Resurveys of St John's Beck longitudinal profile, cross section profiles
and grain size in 2017 provide an indication of how the system is recov-
ering 1.5 yr after the extremeflood event (Fig. 11). Therewere no signif-
icant changes in the mean channel bed slope between the 2016 and
2017 survey, however, there were local changes where there is an in-
crease or decrease in bed elevation height (Fig. 11a). Local changes in
channel bed elevation result in changes in bankfull channel capacity
(Fig. 11b). For example, at a distance of 1 to 2.4 km from Thirlmere Res-
ervoir there is a general increase in bed elevation suggesting the depo-
sition of sediment; a pattern further evidenced by a decrease in channel
capacity. Overall a decrease in bankfull channel cross-sectional areawas
observed (at 15 cross sections) 1.5 yr after Storm Desmond. Thirteen of
these cross-sections are located 1 to 2.7 km downstream from
Thirlmere Reservoir (Fig. 11b). The largest change and reduction in
channel capacity (2.7 kmdownstreamof Thirlmere Reservoir, cross sec-
tion 11)was 32.8±0.03m2 caused by the rebuilding offloodprotection
levees that reduced channel width to its pre-Storm Desmond size. A
total of seven cross-sections displayed either no change or an increase
in cross-sectional area and channel capacity. Cross-section 9, 2.4 km
downstream from Thirlmere Reservoir, shows an increase in channel
capacity associated with anthropogenic removal of sediment from the
channel bed after the flood event. The percentage change in grain size
between the 2016 and 2017 surveys illustrates a general coarsening of
bed D50 and fining of D90 downstream post Storm Desmond (Fig. 11c).
6. Discussion
6.1. Geomorphic impacts of the extreme flood event along the upland
sediment cascade
The 2015 Storm Desmond event constitutes the largest recorded
event in the available long term flow and rainfall records for the St
John's Beck catchment (Fig. 5). The results presented here illustrate
the geomorphic work of the flood in terms of sediment erosion and
storage along the upper floodplain transfer zone of the USC. The main
impacts were associated with erosion of river channel banks and
floodplain scour alliedwith extensive sediment deposition on the flood-
plains. The summary sediment budget (Fig. 12) shows erosion (6500±
710 t) was generally balanced by deposition (6300 ± 570 t) along the
upper floodplain zone. b6% of the total sediment eroded during the
event was transferred out of the reach. Hence, the upper floodplain
zone acted as a significant sink for locally-eroded sediment during the
extreme event.
The geomorphic impacts of Storm Desmond were influenced by the
physical characteristics of the upper floodplain transfer zone. Unlike
steep headwater catchments dominated by slope-channel linkages
and hillslope processes (Harvey, 2001), geomorphic impacts of the
event along St John's Beck were controlled by floodplain-channel inter-
actions. Tributaries were only aminor source of sediment as thesewere
disconnected from the channel by sediment trapping structures and
therefore are not reported in the sediment budget in Fig. 12. Sediment
was sourced from transient stores, i.e., channel bars) and through ero-
sion of the channel bed and banks and stored in channel bars and on
the surrounding floodplains (Fig. 6).
Valley confinement (natural and artificial) controlled the spatial po-
sitioning of erosional and depositional storm impacts along St John's
Beck (Fig. 9). In the upstream reaches (0 to 1.8 km downstream) the
channel was confined by the natural valley topography and geomorphic
impacts were comprised of local erosion or sediment bar deposition.
Where the natural floodplain valley width increases from 3 to 160 m
(1.8 km downstream) and there is an associated decrease in channel
slope, rapid floodplain sediment deposition occurred (Fig. 7). In con-
trast, artificially confined reaches (2.7 to 3.6 km downstream) were as-
sociated with bank erosion or scour due to local increases in channel
bed slope. Major riverbank erosion was observed along an artificially
confined reach 2.7 km downstream of Thirlmere Reservoir; here river-
banks were eroded until the channel became unconfined (Fig. 9) with
extensive floodplain sedimentation. Similar effects have been observed
by Magilligan (1985), Nanson (1986), Butler and Malanson (1993),
Lecce (1997), Fuller (2007, 2008), who all identified a concentration
of erosion on constricted reaches. The transition between confined
and unconfined reaches therefore plays an important role in controlling
the spatial pattern of erosion and deposition impacts of these events.
6.2. Sediment continuity through the upland sediment cascade
The sediment continuity concept focuses on the principle of mass
conservation of sediment within a system (Slaymaker, 2003; Hinderer,
2012). The USC sediment continuity has been described as a ‘jerky con-
veyor belt’, where sediment can spend a longer time in storage than in
Fig. 10. Variations in reach averaged shear stress (A) and stream power (B) estimated at
the cross section sites for Storm Desmond along St John's Beck.
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Fig. 11. Changes in St John's Beck channel long profile, bankfull capacity and grain size between the 2016 and 2017 surveys. (A) Change in bed elevation (long profile), labelledwith cross
section and first order tributary locations. (B) Change in channel bankfull cross section area. (C) Percentage change in channel bed D50 and D90 grain size.
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transfer (Ferguson, 1981; Walling, 1983; Newson, 1997; Otto et al.,
2009). This study has highlighted that sediment continuity is disrupted
or “discontinuous” at the event scale due to storage. b6% of sediment
eroded during Storm Desmond was transported out of St John's Beck
(Fig. 12). Elsewhere, sediment budget studies have shown similar inef-
ficiencies in sediment transfer, often referring to this as the ‘sediment
delivery problem’ (Trimble, 1983; Walling, 1983; Phillips, 1991;
McLean et al., 1999; Fryirs, 2013). For example, in the Coon Creek
Basin, USA, b7% of sediment left the basin between 1853 and 1977
(Trimble, 1983). In the River Coquet, UK, annual sediment budget
within-reach sediment transfer was identified but there was minimal
net export of sediment downstream (Fuller et al., 2002). In three UK up-
land catchments, Warburton (2010) demonstrated sediment transfer is
inefficient in the production zone by comparing sediment budgets on an
annual, landslide event and flood event timescale. Despite variations in
catchment area and the timescale of enquiry, these examples demon-
strate there is attenuation of sediment downstream due to sediment
storage. This study highlights the importance of the floodplain as a
major store of sediment at the event scale causing sediment attenuation
at the channel outlet.
The Storm Desmond event sediment yields were higher than
estimated sediment yields for previous flood events along St John's Beck
(Table 3), indicating the event was significant in generating and
transporting large quantities of sediment downstream. The estimated
mean shear stress and unit stream power values for Storm Desmond
exceeded the thresholds for particle entrainment, suggesting sediment
on the channel bed was mobilised and transported during the event
(Fig. 10). Despite this, the event sediment yield is lower than the total
quantity of sediment eroded. Sediment transfer during extreme events,
where overbank flows are produced, is reduced on the floodplains
(because of variations in roughness, slope, local topography) compared
to the channel, resulting in sediment deposition (Trimble, 1983; Moore
and Newson, 1986). Consequently, sediment continuity through the
upper floodplain transfer zone during extreme events will ultimately be
controlled by the conveyance of sediment acrossfloodplains, and the pro-
pensity for sediment deposition during overbank flows. Future flood
eventsmaypromote exchanges in sediment stores andmovement of sed-
iment downstream in pulses or waves, thereby influencing sediment
yield (Nicholas et al., 1995). However, if a future similar magnitude
event were to occur along St John's Beck, it is likely that the reach sedi-
ment output would again be lower than the total sediment eroded
along the river corridor due to deposition on the floodplains.
Previous studies have described the potential linkages between
sources and stores of sediment in terms of connectivity or disconnectivity
(Hooke, 2003; Fryirs, 2013; Bracken et al., 2015). However, few of these
studies have quantified the mass exchange of sediment between differ-
ent landscape units during flood events (Thompson et al., 2016) and
assessed their impact on sediment yield. This study is among the first
to effectively quantify sediment attenuation in the upper floodplain
zone of the USC during an extreme event.
6.3. System recovery
Fluvial systems can take decades (Wolman and Gerson, 1978; Sloan
et al., 2001) tomillennia (Lancaster and Casebeer, 2007) to recover from
extreme events, with some systems never fully recovering to the pre-
flood condition. The channel re-survey one year after Storm Desmond
showed that 70% of cross sections had a reduced channel capacity
reflecting sediment aggradation in the channel (Fig. 11). A reconnais-
sance survey prior to StormDesmond identified distinct reaches of sed-
iment aggradation in the system (in particular, 2 to 2.5 km downstream
of Thirlmere Reservoir), suggesting the river is displaying characteristics
similar to the pre-flood system. Long term flow regulation and up-
stream sediment trapping by Thirlmere Reservoir has influenced
sediment continuity, implying that the sediment regime is already dis-
turbed by the legacy of anthropogenic modification (Wohl, 2015).
Phillips (1991) states that stores of sedimentmay develop in fluvial sys-
tems so the system can maintain sediment yields when sediment from
upstream is reduced. The critical shear stress and critical stream power
entrainment thresholds for channel bed particle D90 estimated using the
2017 survey data were not exceeded during daily flows after storm
Desmond indicting coarse sediment immobility. It is likely that the finer
material was transported in 2017 and deposited downstream in aggrada-
tional zones where channel dimensions change (i.e., reduction in slope,
width and depth), resulting in further aggradation downstream and ap-
parent coarsening in reaches where the fine sediment was partially
mobilised. Therefore local aggradation observed could be a response to
long-term system disturbance and transport-limited flows.
Fig. 12. Storm Desmond (2015) upper floodplain valley system (transfer zone) mass sediment budget (t) for St John's Beck (effective catchment area 12 km2).
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The most significant changes observed along St John's Beck one year
after the floodwere associated with anthropogenicmodifications to the
system through the rebuilding of flood protection levees, reinforced
river banks and removal of sediment from the channel bed and flood-
plains (2 to 4 km downstream); these modifications took place after
the 2016 field campaign. Distal floodplain deposits were located 70 m
from the channel and therefore can only be remobilised during
overbank flows with similar peak discharges where the critical entrain-
ment thresholds are exceeded. Consequently, system recovery and sed-
iment transfer depends on the conveyance capacity of the valley
floodplains in addition to the stream channel capacity (Trimble, 2010).
If sediment was not anthropogenically removed from the floodplains,
it would have a long residence time in this store and only be remobilised
during overbank extreme flows similar to StormDesmond. Flood levees
were rebuilt 2.7 km downstream to the pre-flood position, it is likely
that if these levees were not restored the river would permanently
occupy the post-Storm Desmond position; a natural “re-wilding” pro-
cess (Fryirs and Brierley, 2016).
7. Conclusions
This paper has quantified the geomorphic response of an upper
floodplain river system (transfer zone) to an extreme high magnitude
flood event: Storm Desmond, 2015. The results highlight that sediment
continuity along upland rivers is complex and to fully understand
the response of these systems to extreme events, sediment continuity
in the context of the upland sediment cascade needs to be understood
(Fig. 1). Based on our results, the primary conclusions of this work are:
1. Sediment continuity through the upper floodplain transfer zone was
highly disrupted during StormDesmond,with b6%of the eroded sed-
iment being transported out of the system.
2. Floodplains acted as amajor sink of coarse sediment during theflood,
storing 72% of the eroded sediment, although these floodplains can
also be a source of sediment through scouring and erosion processes.
3. Spatial patterns of erosion and deposition were controlled by valley
confinement; where the channel is naturally unconfined overbank
floodplain depositswereprominent, in contrast, in artificially-confined
reaches, bank erosion and scour were dominant geomorphic impacts.
4. The event exceeded critical entrainment thresholds for channel bed
particle D50 and D90 transporting sediment that had aggraded in the
channel. Critical entrainment thresholds were not exceeded during
daily flows for all particle sizes along St John's Beck in the 2017 survey.
5. Channel capacity decreased 1.5 yr after the event and channel bed
grain size had coarsened due to aggradation in the channel.
This study has quantified the importance of the upper floodplain zone
in regulating sediment output during extreme events. The results suggest
that rather than envisioning upper floodplain zones as effective transfer
reaches they are actually major storage zones that capture flood sedi-
ments and disrupt sediment continuity downstream. The intervening val-
ley floodplain geomorphology (confinement, slope) plays a major role in
influencing the spatial location of erosion and deposition impacts.
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The supply, transfer and deposition of sediment fromchannel headwaters to lowland sinks, is a fundamental pro-
cess governing upland catchment geomorphology, and can begin to be understood by quantifying 2D river plan-
form adjustments over time. This paper presents a catchment scale methodology to quantify historic patterns of
2D channel planform adjustment and considers geomorphic controls on 2D river stability. The methodology is
applied to 18 rivers (total length= 24 km) in the upland headwaters of the previously glaciatedWasdale catch-
ment (45 km2), LakeDistrict, northwest England. Planform adjustmentsweremapped fromhistoricmaps and air
photographs over six contiguous time windows covering the last 150 yr. A total of 1048 adjustment and stable
reaches were mapped. Over the full period of analysis (1860–2010) 32% (8 km) of the channels studied were
adjusting. Contrastswere identified between the geomorphic characteristics (slope, catchment area, unit specific
stream power, channel width and valley bottom width) of adjusting and stable reaches. The majority of adjust-
mentsmappedwere observed in third and fourth order channels in thefloodplain valley transfer zone,where the
channelswere laterally unconfined (mean valley bottomwidths of 230± 180m), with low sediment continuity.
In contrast, lower order channelswere typically confined (mean valley bottomwidths of 31±43m) and showed
relative 2D lateral stability. Hence, valley bottom width was found to be important in determining the available
space for rivers to adjust. Over the full period of analysis 38% of planform adjustments involved combined pro-
cesses, for example, as bar and bend adjustments. The study demonstrates the importance of streamnetwork hi-
erarchy in determining spatial patterns of historic planform adjustments at the catchment scale. The
methodology developed provides a quantitative assessment of planform adjustment patterns and geomorphic
controls, which is needed to support the prioritisation of future river management and restoration.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction
Systematic assessment of the spatial and temporal patterns of river
planform adjustments provides important insights for understanding
current and potential future river behaviour (Hooke and Redmond,
1989a; Winterbottom, 2000; Brierley and Fryirs, 2005a; Lisenby and
Fryirs, 2016; Rinaldi et al., 2016). This is because channels adjust
through erosion, transfer and deposition of sediment (Lewin, 1977;
Thorne, 1997) and therefore, channel planform adjustments reflect sed-
iment continuity. Sediment continuity is defined as the conservation of
mass between fluvial sediment inputs, storage and outputs in a river
system (Joyce et al., 2018). Contemporary channel planform is a conse-
quence of the legacy of past and present, exogenic and endogenic forces,
controlling water and sediment continuity across a catchment
(Schumm, 1977; Ferguson, 1987; Newson, 1997; Sear et al., 2003;
Joyce et al., 2018; Bizzi et al., 2019). However, few studies (Hooke and
Redmond, 1989a; Wishart, 2004; Lisenby and Fryirs, 2016) have
adopted rigorous quantitative assessments of channel planform adjust-
ment and stability at the catchment scale over historical time periods.
To understand the spatial and temporal pattern of planform adjust-
ments and sediment continuity it is important to quantify the variables
controlling planform stability (Martínez-Fernández et al., 2019). Cli-
mate influences the frequency and magnitude of flood events, and
therefore the stream power available to erode and transport sediment
(Newson, 1980; Wolman and Miller, 1960; Milne, 1982; McEwen,
1994; Rumsby and Macklin, 1994; Werritty and Leys, 2001; Johnson
and Warburton, 2002; Surian et al., 2016). Geological and geomorpho-
logical processes (Higgitt et al., 2001) determine availability of sedi-
ment, sediment type, topographic confinement, the presence of lakes
and channel slope (Milne, 1983; Fryirs et al., 2016). Anthropogenic ac-
tivity influences the flow regime (Petts, 1979; Kondolf, 1997), sediment
supply (Heckmann et al., 2017), and space available for planform ad-
justment (Gilvear and Winterbottom, 1992; Surian and Rinaldi, 2003).
Channels adjust in response to these collective controls.
Two dimensional planform adjustments can be readily identified
from historic maps and air photographs over the last century (the pe-
riod of ‘measurable change’) when such resources are available. This
Geomorphology 354 (2020) 107046
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provides a suitable time span to understand planform adjustments in
response to recent changes in climate and land use (Schumm and
Lichty, 1965; Hooke and Redmond, 1989b; Winterbottom, 2000;
Higgitt et al., 2001). However, there is no consistent quantitative meth-
odology that applies a catchment wide assessment of the temporal pat-
terns of planform adjustment from channel headwaters to lowland
sediment sinks (Bizzi et al., 2019). Traditionally, channel planform ad-
justments have been investigated at the reach scale at locations of insta-
bility in high streamorder channels in the transfer zone of the sediment
cascade (Schumm, 1969; Lewin and Hughes, 1976; Lewin, 1977; Lewin
et al., 1977; Blacknell, 1981;Milne, 1982;Milne, 1983;Warburton et al.,
2002;Wishart et al., 2008; Hooke and Yorke, 2010). These studies often
fail to characterise the spatial and temporal patterns of sediment conti-
nuity because: (i) active adjustment reaches are not evaluated in the
broader catchment context, for example along the entire length of a
river or between rivers in the same catchment where similar geomor-
phic conditions occur (Fryirs et al., 2009; Gurnell et al., 2016); (ii) the
historic pattern of channel adjustment and stability is not assessed;
and (iii) the geomorphic characteristics of both stable and active chan-
nel reaches are not quantified, which is needed to explain and identify
the locations susceptible to future adjustment.
The benefit of spatial planform adjustment studies is widely
recognised (Hooke and Redmond, 1989a; Rosgen, 1994; Macklin et al.,
1998; Wishart, 2004; Lisenby and Fryirs, 2016; England and Gurnell,
2016), and is reinforced by recent European and UK legislation, which
emphasise the need for integrated and catchment wide assessments
of the hydro-morphological condition of rivers (c.f. European Water
Framework Directive (European Commission, 2000); Floods Directive
(European Commission, 2007) and UK governmental 25 yr Environ-
mental Plan). Hierarchical river and catchment characterisation ap-
proaches (Brierley and Fryirs, 2005b; Rinaldi et al., 2015a; Gurnell
et al., 2016) and the use of remotely sensed data (Marcus and Fonstad,
2010; Bizzi et al., 2019) have provided an important step towards un-
derstanding channel planform types at the catchment scale (Brierley
and Fryirs, 2005a, 2005b). However, hierarchical approaches are often
qualitative, use complex scoring indexes to characterise river types
(Rinaldi et al., 2013; Rinaldi et al., 2015a; Rinaldi et al., 2015b), do not
directly quantify the temporal trajectory of planform adjustment and
fail to capture the geomorphic variables of planform adjustment and
stability within the overall catchment structure (Lisenby and Fryirs,
2016).
This paper presents a catchment-wide methodology to quantita-
tively assess the patterns and geomorphic variables of historic 2D
river planform adjustments within a sediment continuity framework.
The specific objectives of the methodology are: (i) to quantify the spa-
tial pattern of 2D channel planform adjustment over the era of measur-
able change (last 150 yr), (ii) quantify the geomorphic variables forcing
2D channel planform adjustments, and (iii) use data from (i) and (ii) to
understand spatial and temporal patterns of 2D channel planform ad-
justments at the catchment scale. The method is applied and tested in
the Wasdale catchment in the Lake District, northwest England. This
catchment is selected because it exhibits a rich variety of fluvial forms
including: bedrock, confined, unconfined wandering and braided chan-
nels (Harvey, 1997), and has available historic data.
2. Methodology
The methodology proposed here quantifies 2D historic channel
planform dynamics in headwater catchments. Themethod is structured
on Strahler's (1952, 1957) stream order to reflect the natural scaling of
geomorphic variables: catchment area, channel width, length, slope,
stream power and valley bottom width (Leopold and Miller, 1956;
Strahler, 1957; Miller et al., 2002; Hughes et al., 2011). The approach
is applied at the catchment scale and comparisons are made between
stream orders in a similar regional setting. The method uses commonly
available datasets, including: digital terrain models (DTM), air photos,
historic topographic maps, bedrock and superficial geology data,
which are analysed in a Geographical Information System (GIS) package
(Fig. 1). These data requirements allow 2D patterns of river planform
adjustment to be identified, and 1D and 2D catchment geomorphic var-
iables to be extracted. The workflow is summarised in Fig. 1.
2.1. Part 1: Pre-processing - assembly of data and identification of spatial
scales
The methodology takes a top-down perspective working down the
sediment cascade from upland channel headwaters to a point where
the river channel enters either a major lowland valley waterbody
(lake) or, if no water body is present, an endpoint is defined at a point
in the lowland valley. In UK upland regions, the lowland valley is com-
monly defined where the river channel network is no longer
surrounded by hillslopes above 300 m elevation (Atherden, 1992).
The catchment, river channel network and Strahler (1952, 1957)
stream order are first defined using a high-resolution DTM and auto-
mated flow delineation tools in GIS. The stream order network provides
a stratified framework in which the spatial location, length and type of
planform adjustments observed between the temporal data (historic
maps/air photographs) are mapped (Part 2B).
The time interval and frequency over which 2D planform adjust-
ments can be identified depends on the availability of data. In the UK,
studies of channel planform adjustments can, in some cases, be identi-
fied from sources dating from the sixteenth century to present (Lewin,
1987; Macklin and Lewin, 1989; Petts et al., 1989; Macklin et al., 1992;
Downward et al., 1994; Milton et al., 1995; Winterbottom, 2000),
(Table S1). Early sources (1600–1840s) (e.g., estate maps, deposited
plans, enclosure and tithe maps) have limited spatial coverage and ac-
curacy, therefore they are not always suitable for assessing river plan-
form adjustments at the catchment scale (Ferguson, 1977). The
earliest mapswith full continuous spatial coverage suitable for identify-
ing planform adjustments at the catchment scale across England and
Wales are the Ordnance Survey (OS) County Series maps (after 1840s)
at a scale of 1:10,560 (Harley, 1975; Downward et al., 1994). Subse-
quent National Grid series and National Grid imperial and metric map
editions (scale range 1:10,560–1:10,000), produced from large scale
air photographs, provide a full coverage of England and Wales from
the 1940s – 1990s (Table S1). Catchment and regional scale air photo-
graphs provide a recent (1940s - present) view of channel planform at
a high resolution (i.e., 0.25 m) (Werritty and Ferguson, 1980; Petts
et al., 1989). Air photographs and historic maps are geo-referenced in
GIS for planimetric accuracy, following previous recommendations,
using N8 hard-edged ground control points (GCPs) and a second order
polynomial transformation (Hughes et al., 2006; Donovan et al., 2015;
Donovan et al., 2019). Although scale differences and geo-referencing
errors will exist between historic maps and air photographs, the
datasets provide a valuable record of catchment scale 2D planform
over a period of measurable change of approximately the last 150 yr.
2.2. Part 2: Characterisation of fluvial system and assessment of planform
change
Channel planform adjustments and geomorphic variables are mea-
sured in two parts. Part 2A involves extracting geomorphic channel and
catchment variables at station points (SPs) located along the channel net-
work. The SPs are located at intervals scaled according to the streamorder
to reflect the natural scaling of channel width, valley bottom width, bar
size, channel length and catchment area downstream (Leopold and
Maddock, 1953; Strahler, 1957; Miller et al., 2002; Hughes et al., 2011).
The SPs spacing interval is shorter for low stream orders, compared to
high stream orders to account for the differences in channel size across
a catchment. This approach differs to previous studies that have averaged
river variables over length or extracted geomorphic variables at a fixed
spacing interval and applied this to the entire channel network (Fryirs
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et al., 2009; Lisenby and Fryirs, 2016) (Fig. 2a). A fixed spacing interval
can result in an unrepresentative sample where short, low stream order
channels have only one SP to extract geomorphic variables, compared
to longer higher stream order channels (Fig. 2).
The stream order channel network is labelled with a series of nodes
(Fig. 2). Nodes are located at the start and end (tributary junction, or
water body) of each channel. For each stream order, the first SP is lo-
cated at the start node of the river. A point is then located at a user-
defined distance (SP interval) downstream from the first point
(e.g., 100 m); the next point is located at the stream order SP interval
distance downstream from the last point and the pattern continues
downstream. Where the distance from one SP to the last SP is less
than the point spacing sampling increment, the measurement point is
selected on the channel of interest upstream (i.e., of a junction or
lake) where there are no significant lake or tributary backwater effects
(Richards, 1982; Hey, 1979).
To select an appropriate SP interval, different spacing intervals can be
tested. Assuming a minimum of two SPs on the shortest channel, a low-
resolution SP spacing interval will have a long spacing interval (for exam-
ple, 400m for second order channels, 1000m for fifth order channels). In
contrast, a high resolution SP interval will have a short spacing interval
(for example, 100 m for second order channels, 400 m for fifth order
channels). Geomorphic characteristics can be extracted from the different
SP intervals at different resolutions and analysis of covariance, ANOCOVA
(Zar, 2010) can be used to identify statistical differences between the geo-
morphic variables of the different SP interval resolutions. If no statistical
differences are present, the lowest resolution SP interval can be used to
represent system geomorphic characteristics.
At each SP, the channel and catchment geomorphic variables
(Table 1) are extracted and compiled into an attribute table (Fig. 1).
These variables provide insight into reach and catchment scale mor-
phology and sediment dynamics and can be directly extracted from
the DTM, historic maps and air photographs (Martínez-Fernández
et al., 2019; Bizzi et al., 2019). The key variables are defined as follows:
Channel length (m) is measured from the start of the stream order or
junction node to the corresponding downstream end or junction node
Fig. 1.Data requirements and GIS workflow for identifying and analysing planform adjustments, stable reaches and geomorphic variables. Part 1 involves manipulation of the DTM using
GIS hydrology tools to identify the rivers and catchment typology. Part 2 involves identifying planform adjustments and extracting at-a-point channel and catchment geomorphic
variables. Part 3 involves linking parts 2A and 2B together to understand the controls influencing the spatial and temporal pattern of planform adjustment. Part 2B and 3 are repeated
for the different time periods of available historic maps and air photographs.
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and represents the total channel length of the stream in that order
(Fig. 2b). Local channel slope (m/m) is calculated at each SP. Elevation
values are extracted from the DTM at intervals upstream and down-
stream of the SP that scale with each stream order (e.g., (stream order
number – 1)*100)) to account for the variability in channel scale be-
tween the stream orders. Local valley bottom width (m) is measured at
each SP, perpendicular to the channel banks and identified by breaks
in slope along the distal edges of floodplains and terraces (Snyder and
Kammer, 2008; Fryirs and Brierley, 2010). It defines the potential extent
to which a channel can freelymigrate laterally across the floodplain and
therefore can define confined and unconfined channels (O'Brien et al.,
2019). Channel width (m) is defined as the active channel width includ-
ing bars and is measured at each SP perpendicularly from bank to bank
(Wishart, 2004). Bedrock and superficial geology are categorical variables
and are assigned locally to the observed river planform adjustments and
stable reaches in part 3 of the method. Local catchment area (km2) is
defined as the upstream contributing area of a SP based on the surface
topography from the DTM (Fig. 2b).
Based on themeasured geomorphic variables secondary data can be
calculated. For example, local catchment area is used to estimate dis-
charge using a discharge-area power relationship (Knighton, 1999):
Q ¼ a∙Ab ð1Þ
where A is the catchment area (km2) and a and b are empirical coeffi-
cients derived from a power function fitted to area-discharge data.
Many headwater catchments are ungauged, however, discharge data
from gauging stations in a study region can be used to generate a re-
gional catchment area-discharge relationship. For each gauging station
within the study area flow return periods are calculated and plotted
against their respective catchment areas to calculate regional a and b
coefficients.
Fig. 2. Schematic of stream order channel start and end nodes and station point spacing intervals. (A) Example of ‘fixed interval approach’, a fixed SP interval distance often used on high
order channels, applied to each stream order. (B) Example of SP intervals adjusted for each stream order and diagram of how geomorphic variables (vw= valley bottom width, cw=
channel width, S = slope) are extracted in the methodology developed in this paper. (C) Diagram showing how SP variables are related to planform adjustments (method part 3).
Continuous lines represent stable reaches (a, c), dashed lines indicate planform adjustments (b). Red dots indicate the SPs and the number indicates the station point ID. Stable reach a
is represented by the mean characteristics at SPs 1, 2, 3. Planform adjustment b is represented by the mean characteristics of SPs 3 and 4. Stable reach c is assigned the characteristics
of SP 4 as there are no downstream SPs due to the presence of the lake.
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Unit specific stream power (W m−2) indicates river energy expendi-
ture and the potential for sediment transfer and planform adjustment
(Bagnold, 1966; Baker and Costa, 1987; Thompson and Croke, 2013;
Marchi et al., 2016; Martínez-Fernández et al., 2019). Specific stream
power is calculated using channelwidth and an area-discharge relation-
ship (Eq. (1)) for a region or catchment (Bagnold, 1966; Baker and
Costa, 1987):
ω ¼ ρgQS
w
ð2Þ
whereω is the unit specific stream power (Wm−2), ρ is the density
of water (kg m−3), g is the acceleration of gravity (m s−2), Q is the dis-
charge (m3 s−1), S is channel bed slope (m/m) and w is the channel
width (m). A return interval of 2 yr is commonly used forQ andω calcu-
lations, which reflects the discharge that approximates bankfull condi-
tions (Leopold and Wolman, 1957b; Dury, 1961; Hey, 1975; Harvey,
1977; Carling, 1988) and the potential for geomorphic work (Lisenby
and Fryirs, 2016; Marchi et al., 2016).
Flood events prior to instrumental records can be identified from the
analysis of historical documents (newspapers, historic accounts, etc.).
Using historic and gauged flow data the cumulative number of flood
events, following methodology of Pattison and Lane (2012), can be
used to identify flood-rich and flood-poor periods and link to the timing
and frequency of historic river planform adjustments.
Part 2B identifies the type of 2D planform adjustment along the
river network over a given time interval. The type of adjustment
(Fig. 3) is mapped as a polyline feature from the start to the end of
the adjustment so that its location can be related to SP geomorphic
variables and the length of the planform adjustment quantified.
Reaches with no observed 2D planform adjustment are mapped as
2D stable indicating a balance of sediment input and output. How-
ever, it is important to note that these rivers might be adjusting ver-
tically, which cannot be quantified in 2D analyses of historic maps
and air photographs.
Fig. 3 demonstrates the types of channel planform adjustments iden-
tified in alluvial rivers (Hooke, 1977; Schumm, 1985; Fryirs et al., 2009;
Lisenby and Fryirs, 2016). Planform adjustments are divided into four
categories based on the characteristic scale of each adjustment. The
four categories are not mutually exclusive and some adjustments may
occur in combination, for example, bend adjustments are associated
with the erosion of the outer riverbank and subsequent sediment depo-
sition on the inside bend forming channel bars (Hickin, 1978; Richards,
1982).
Boundary adjustments are associatedwith an alteration to the chan-
nel planformwhere the channel: avulses across the floodplain, generat-
ing a new, secondary or multiple flow paths (Allen, 1965; Nanson and
Knighton, 1996; Slingerland and Smith, 2004), switches from multiple
flow paths to a single flow path (Passmore et al., 1993), or is shortened
via cut offs causing channel straightening/realignment. Boundary ad-
justments can take place at the reach scale (i.e., cut off), or affect the en-
tire channel length (i.e., avulsion) (Slingerland and Smith, 2004). They
typically occur over a short time period (b1 yr), often during a flood
event (Jones and Schumm,1999), although they can also beprogressive,
occurring in response to continued erosion and deposition of sediment
(Stouthamer and Berendsen, 2001).
In contrast, channelwidth adjustments affect shorter lengths of river
channel. Here, width adjustments are defined where there is a major
change (N50%) in the channel width to avoid misrepresentation of
minor width adjustments caused by image scale-related effects. Bend
adjustments can occur via extension, expansion, translation enlarge-
ment, rotation or complex change (Hooke, 1977; Fryirs et al., 2009)
(Fig. 3). Bend and width adjustments can be progressive adjustments
or occur in response to a flood event. The development of bars in the
channel can cause width, bend or boundary adjustments or can be a re-
sponse to these adjustments (Fig. 3) (Leopold andWolman, 1957a). The
pattern and rate of bar adjustments can be a useful indicator of the sta-
bility of river channels (Church and Jones, 1982). Bar adjustments can
occur over short temporal scales, in response to an event (i.e., flood, val-
ley landslide) or be present in the channel for ~100 yr (Jackson, 1975;
Church and Rice, 2009). Bar adjustments are considered to bemore sta-
ble forms of adjustment inherent within the system when they occur
singularly (e.g., not in combination with another adjustment), com-
pared to boundary or major width adjustments that involve a change
to the position and 2D form of the channel on the valley floor
(Brierley and Fryirs, 2005b; Fryirs and Brierley, 2012).
The types of 2D planform adjustment outlined in Fig. 3 are readily
identified by comparing historic maps and air photographs. Therefore,
geo-referencing errors between historic maps and air photographs are
unlikely to significantly affect the categorisation of the adjustment
type or adjustment length.
2.3. Part 3: Analysis: linking planform adjustments and geomorphic
variables
The main outputs of Part 2 include: (a) channel and catchment
geomorphic variables at station points along the channel network,
and (b) 2D channel planform adjustment types and stability as
polyline features along the channel network for each time period.
Part 3 combines parts 2A and 2B to develop an understanding of
the key geomorphic variables influencing the types of planform ad-
justment and stability.
To link SP variables to adjustment and stable reaches the geomor-
phic variables of the SP upstream and downstream of the adjustment
or inactive reaches are averaged (Fig. 2c). For example, in Fig. 2c adjust-
ment b is assigned the mean geomorphic variables of SP 3 and 4. If an
Table 1
Example of 1D and 2D geomorphic variables that can be extracted from historic maps, air photographs, geologymaps and DTMs at different spatial scales, and the key processes they in-
dicate (modified from Gurnell et al., 2016).
Spatial unit Key process Data variable
Region
Water balance
Sediment production
Topographic conditioning (i.e., presence of mountains, lakes)
Climate data: precipitation (mm), discharge (m3 s−1)
Geology
Topography derived from DTM
Catchment
Runoff production / retention
Sediment production
Topographic conditioning (i.e., presence of mountains, lakes)
Climate data: precipitation (mm), discharge (m3 s−1)
Geology
Topography derived from DTM
River
Channel network structure
Flow and sediment regime (supply, transfer and deposition)
Stream order and channel dimensions: catchment area (km2), length (km),
river channel slope (m/m)
Discharge (m3 s−1), geology
Reach Planform adjustments (sediment regime)
2D Planform adjustments identified from historical datasets
Local slope (m/m), discharge (m3 s−1), channel width (m), unit (specific) stream power
(W m−2)
Geomorphic Unit Sediment regime
2D adjustments to channel bars (i.e., bar area reduction, reorganisation or accretion)
identified from historical datasets
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adjustment or stable reach extends or lies between two or more SPs
then the average geomorphic variables are taken from all of the respec-
tive SPs (Fig. 2c). If an adjustment extends over the junction between
two stream orders (i.e., at tributary junctions), the mean geomorphic
characteristic variables are taken from the upstream SP and down-
stream SP. If the adjustment occurs downstream of the last SP
(i.e., upstream of a lake or waterbody) it is assigned the variables of
the last closest SP.
3. Case study
3.1. Part 1: Selection of region, assembly and pre-processing of data
To test this approach, the methodology is applied to the Wasdale
Catchment (45 km2, Fig. 4) in the Lake District, northwest England.
This upland catchment is strongly influenced by the geology, glacial his-
tory and climate with a dynamic fluvial system (Harvey, 1997 ). The
Fig. 3. Schematic of planform adjustment types and definitions adapted from Brierley and Fryirs (2005a, 2005b) and Fryirs et al. (2009).
6 H.M. Joyce et al. / Geomorphology 354 (2020) 107046
Appendix B 
282 
 
 
 
 
 
present river planformconsists of straight low sinuosity first and second
order erosional bedrock channels, e.g., Piers Gill and Gable Beck (Fig. 4).
Downstream, depositional features dominate, and channels are uncon-
fined with wandering and braided planforms in the third, fourth and
fifth stream orders (Fig. 4C) (Harvey, 1997). A small debris cone is pres-
ent where Gable Beck joins Lingmell Beck and there is a large fan delta
where Mosedale and Lingmell Becks empty into the head of Wast
Water, which adjoins an alluvial fan of Lingmell Gill (Harvey, 1997).
The bedrock geology of the area consists of Ordovician Borrowdale
Volcanic Group rocks (Wilson, 2005). The superficial geology consists
of primarily fluvial deposits in the lower reaches of Mosedale Beck,
Lingmell Beck and Lingmell Gill (Fig. 4C). Glacigenic deposits
(Devensian till, diamicton) are found in the upper reaches and headwa-
ters of the river channels (Fig. 4). River channel sediments are generally
coarse, typically boulder gravels in the upper reaches fining to cobble
gravels downstream (Skinner andHaycock, 2004). Little evidence of an-
thropogenic modification exists in the low order channels in the head-
waters of the Wasdale catchment (Skinner and Haycock, 2004). In
contrast, evidence of straightening, embankments and walled river-
banks are present along the lower reaches of Lingmell Beck and
Mosedale Beck (Skinner and Haycock, 2004). Mosedale Beck and
Lingmell Beck are high energy systems and planform adjustments are
expected despite the anthropogenic modifications (Skinner and
Haycock, 2004).
Historic maps and air photographs with full coverage of the Wasdale
catchment are available from 1860s – 2010. Historic OS maps include the
years: 1867–68 (1:10,560); 1956–57 (1:10,560); 1974–1980 (1:10,000);
and air photographs: 1995 (Natural England, 0.25 m resolution), 2003–
04 and 2009–10 (source: © Bluesky International Ltd., 25 cm resolution),
(Table S1). Air photographs and historic maps were georeferenced in Esri
ArcMap GIS to an OS base map in British National Grid coordinates. Error
was assessed using the root-mean square error (RMSE) of the GCPs as
well as in 14 independent test points (local error) (Hughes et al., 2006).
A decrease in RMSE and test point error was observed between the
1860s map (RMSE = 2.6 m, test point error = 3.7 ± 2 m) and 2010 air
photograph (RMSE = 0.8 m, test point error = 1.4 ± 1.4 m) (Table S3).
A contemporary5mDTM(Digimap, 2017)wasused todefine thebaseline
stream order network in GIS.
3.2. Part 2: Characterisation of fluvial system and assessment of planform
evolution
Planform adjustments were mapped: (1) over the ‘full period’, by
comparing the oldest available map (1860s) of river planform to the
most recent (2010) full coverage air photograph, and (2) at higher fre-
quency intervals using intermediate dated historic maps and air photos
during the full period (‘intermediate periods’) (Table S1). Planform ad-
justments were mapped on second, third, fourth and fifth order chan-
nels. First order channels were not mapped as the resolution of air
photographs and historic maps meant the channels b1 m wide could
not easily be identified. First order channels are often topographically
confined in headwater catchments, with entrenched channels or
Fig. 4. (A) Location of Lake District upland region, north-west England. (B) Wasdale catchment study area (45.4 km2) and channel network. Rivers not studied include those that are not
identifiable from historic maps and air photographs (mainly first order channels). (C) Geology map of the Wasdale catchment showing the superficial geology (source: BGS, 2016), and
rivers studied that are topographically confined or unconfined. (D) Example of 2010 air photograph (Digimap, 2017) of channels in the Wasdale catchment. Area of air photograph is
indicated by dashed purple box in Fig. 4B and C.
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narrow valleys and therefore we expect to see minimal 2D lateral plan-
form adjustment in these channels over the period of measured change.
However, it is important to recognise thatfirst order channels can adjust
vertically and supply sediment to the downstream channel network.
The SPs in the Wasdale catchment (Fig. 4) were located at 400 m,
600 m, 800 m, and 1000 m intervals for second, third, fourth, and fifth
order channels, respectively. The spacing point interval was determined
based on analysis of three station point interval resolutions (Table S2,
Fig. S1). No statistical differences were observed between the three SP
interval resolutions at the 95% confidence level after ANOCOVA (Zar,
2010), therefore, we assumed that geomorphic variables extracted at
the lowest resolution SP interval (Table S2, Fig. S1) are representative
of the geomorphic variables for each stream order. Elevation values to
calculate channel slope were extracted 100 m, 200 m, 300 m and
400 m upstream and downstream of the SPs for second, third, fourth
and fifth order channels, respectively (Table S3, Fig. S2). The intervals
used to extract elevation values coincide with a similar range of previ-
ously used intervals (Alber and Piégay, 2011; Bizzi and Lerner, 2012;
Lisenby and Fryirs, 2016; Martínez-Fernández et al., 2019).
No discharge gauging stations are located in theWasdale catchment,
so to calculate streampower flowdata is combined from 19 flowgauges
across the Lake District upland region to produce a regional area-
discharge relationship (Eq. (2)) (Fig. S3). The 19 flow gauges chosen
have a minimum record length of 30 yr and capture a range of catch-
ment sizes (18–363 km2). Only three flow gauges occur upstream of
lakes, therefore, when using the gauges downstream of lakes it is as-
sumed that the lakes are full during bankfull flow (flood) conditions.
Values of unit stream power are calculated for the 2 yr return interval
flow as this is representative of bankfull discharge in gravel-bed rivers
in similar upland settings (Leopold and Wolman, 1957b; Hey, 1975;
Harvey, 1977; Carling, 1988; Harvey, 2001).
To understand the temporal pattern of planform adjustments and
the role of flood events during the 150 yr time period, gauged flow
data is linked to longer term events identified using historical descrip-
tions of major geomorphological events (i.e., landslides, changes of
stream course, or large scale damage to buildings etc.) (Watkins and
Whyte, 2008). Extreme flood events in the gauged data were identified
by using the peak-over-threshold (POT) approach (Robson and Reed,
1999). Previous studies have defined unique POT discharge values for
a catchment (i.e., Rumsby and Macklin, 1994; Pattison and Lane,
2012). However, because we are comparing peak events across 19
gauges, a single discharge value is not representative of the range of
catchment sizes. Instead,we set a high POT of 75% of the gaugedflow re-
cord. This threshold means only the largest flood events are used so the
dataset includes an average of 1 flood event per year across the gauged
records (Robson and Reed, 1999). To reduce bias in any catchment-
specific flood events identified in the gauge records, we remove peak
events that are not observed across N50% of the 19 flow gauges. The cu-
mulative number of flood events in the historical and gauged record is
plotted over time to generate an overview of flood-rich and flood-
poor periods across the Lake District upland region.
4. Results
4.1. Characterisation of the fluvial system
In total, 18 channels (total length = 24 km) were studied in the
Wasdale catchment, with a total of 63 SPs. There were eight second
order channels, seven third order channels, two fourth order channels
and one fifth order channel. The stream orders differ in length, steepness,
confinement (valley bottomwidth) and specific stream power reflecting
the longitudinal variation in the uplandheadwater channels (Fig. 5). Local
mean channel slope decreases from0.2±0.09 to 0.004±0.002 from sec-
ond to fifth order channels (Fig. 5). Channel width increases by a factor of
four downstream through the stream order network; second order chan-
nels have the narrowest mean channel widths (4 ± 2m) and fourth and
fifth order channels have the largest mean channels widths (16 ± 1 m).
Catchment area similarly increases from second order channels (mean
catchment area = 0.8 ± 0.4 km2) to fifth order channels (19 ±
1.5 km2) (Fig. 5). Mean valley bottom width increases by a factor of 18
downstream from 31 ± 43 m in second order channels to 550 ± 30 m
in fifth order channels (Fig. 5). Mean bankfull stream power decreases
by a factor of 25 downstream from 620 ± 305 W m−2 in second order
channels to 25 ± 8Wm−2 in fifth order channels (Fig. 5).
4.2. Planform adjustments
Planform adjustments in the Wasdale catchment are assessed
(1) over the ‘full period’ by comparing the earliest historic map and re-
cent air photograph, 1860s - 2010 (150 yr); and (2) at ‘intermediate pe-
riods’ at higher frequency intervals (1860s–1950s; 1950s–1980; 1980–
1995; 1995–2004; 2004–2010) during the 150 yr period.
4.2.1. Full period (1860s – 2010) results
Over the full period, 114 planform adjustments were identified
(Fig. 6A). The total length of channels mapped as stable was 68%
(16 km) and adjusting was 32% (8 km). Bar adjustments were the most
common forms of adjustment (n=68, 60%, Fig. 6A) and affected an aver-
age of 9% of the channel length (Fig. 7B). Themean percentage of channel
length affected by bend adjustments (n=19, 17%)was 6%; boundary ad-
justments (n= 12, 11%) was 17% and width adjustments (n= 15, 13%)
was 11% (Fig. 7). Thehighest frequency of planformadjustments occurred
in third order (n = 45, 40%) and fourth order (n = 48, 42%) channels
(Fig. 6A) where catchment area increases and channels become topo-
graphically unconfined (Fig. 5). The 2D stable reaches (n= 66) affected
an average of 20% of the channel length over the full period (Fig. 8).
Over the full period of analysis, 43 of the mapped planform adjust-
ments (38% of the total number of adjustments) occurred in combina-
tion with another planform adjustment type. Thirty percent of the
total combined planform adjustments were bar andwidth adjustments,
28% were bar and bend adjustments, 28% were bar and boundary ad-
justments, 5% were boundary and width adjustments, and 9% were
bar, boundary and width adjustment combinations.
4.2.2. Intermediate period results
In the shorter time interval comparisons, bar adjustments were the
most frequent planform adjustment observed (1980–1995, n = 56;
1995–2004, n = 86; 2004–2010, n = 178) (Fig. 6). Boundary adjust-
ments were observed in the 1860s – 1950s, and 1950s – 1980 interme-
diate time periods, however, these adjustments were absent after the
1980 period (Fig. 6).
A reduction in the mean percentage of channel length affected by
planform adjustments is observed over the stream order network in
the intermediate time periods (Fig. 7). Planform adjustments in 1860–
1950s and 1950s–1980 affected an average of 40% of the channel length,
whereas adjustments over the shorter time span intervals from 1980–
1995, 1995–2004 and 2004–2010 affected an average of 22–13% of
the channel length (Fig. 7). This coincides with a reduction of the occur-
rence of boundary adjustments from 1980 to 2010, which affected a
mean of 17% of the river channel length from 1860s – 1980 (Figs. 6
and 7).
Second order channels have the highest mean percentage of length
categorised as 2D stable over 1860s – 1950s (100%), 1980–1995 (47%)
and 1995–2004 (35%) (Fig. 8). Over the period of analysis there has
been a progressive reduction in the overall length of channel mapped
as stable (Fig. 8), this is likely caused by an increase in the frequency
of bar adjustments being mapped from 1980s onwards as a result of
the changing resolution and type of data source used.
Combined planform adjustments were identified in all of the inter-
mediate time periods. From 1860s–1950s, 33% (n = 15); 1950s–1980,
24% (n = 16); 1980–1995, 25% (n = 18); 1995–2004, 18% (n = 18)
2004–2010, 8% (n = 15) of river planform adjustments were
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overlapping. Themost frequently combined planform adjustments dur-
ing the intermediate periods were bend and bar adjustments (n=35).
4.3. Geomorphic variables of planform adjustment and stable reaches
To identify the key geomorphic characteristics influencing the loca-
tion and extent of planform adjustments, a comparison was made be-
tween the geomorphic variables extracted from the SPs and the
planform adjustment and stable reach data for all time periods (full pe-
riod and intermediate periods) (Fig. 9). In total, 1048 2D adjustment
and stable reaches were compared, of this frequency: bar adjustments
accounted for 42% (n=438); bend adjustments 7% (n=70); boundary
adjustments 3% (n=27); width adjustments 5% (n=49); and the fre-
quency of stable reaches was 44% (n= 464).
Stable reaches were found to have differences between plan-
form adjustment mean geomorphic variables over the full data
set (Table 2). Stable reaches (n = 464) had a mean channel width
of 8 ± 5 m, slope of 0.1 ± 0.08, local catchment area of 3.4 ±
3.3 km2, valley bottom width of 110 ± 157 m and bankfull unit
stream power of 424 ± 260 W m−2 (Fig. 9). The 2D stable reaches
were most commonly found in confined second order channels,
where bend and boundary adjustments are less likely because of limited
Fig. 5. Box plots showing the slope, catchment area, valley bottom width and unit specific stream power characteristics extracted from the station points for each stream order in the
Wasdale catchment. Statistically significant differences were identified between the mean of the geomorphic variables between each stream order at the 95% confidence level.
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space for lateral adjustment (Fig. 9). Adjustment reaches (n=584) had
a mean channel width of 11 ± 5.6 m, slope of 0.08 ± 0.07, local catch-
ment area of 4.7 ± 4.1 km2, valley bottom width of 170 ± 194 m and
bankfull unit stream power of 325± 250Wm−2 (Fig. 9). Boundary ad-
justments occurred in unconfined valley reaches, where mean valley
bottom width is 430 ± 165 m, mean slopes are 0.04 ± 0.06, and
where there is a large mean upstream catchment area of 9.4 ± 6 km2
(Fig. 9). In contrast, bar adjustments were less restricted to uncon-
fined valleys and low slopes, occurring on mean valley bottom
widths of 145 ± 180 m and where mean slopes were 0.09 ± 0.08.
A one-way ANOVA and Tukey (HSD) was performed to identify if a
statistically significant difference between the mean geomorphic vari-
ables and the adjustment and stable reaches for each stream order
was present (Table 2). The fifth order channel was truncated by Wast
Water and was excluded from the statistical analysis because of its
short 590 m length and the small number of observed adjustments
(38, 4% of total of adjustments studied), therefore, results focus on the
ANOVA analysis of planform data for second, third and fourth channels.
Third and fourth order channels display the highest number of sig-
nificant differences (n*) (n* = 22) between adjustment types and the
geomorphic variables (Table 2) compared to second order channels
(n*=5). Secondorder channels have steeper channel slopes and higher
unit stream power values (Fig. 5), however, they are characterised by a
narrower range of values for catchment area (0.2–1.7 km2), channel
width (2–12 m) and valley bottom width (2–210 m) compared to
third and fourth order channels (Fig. 5). In confined, second order chan-
nels the space available for channel adjustment is restricted and there-
fore there are fewer significant differences between the geomorphic
variables and adjustment types (n* = 5) (Table 2).
In contrast, the geomorphic variables (catchment area, valley bot-
tom width, channel width) increase in third and fourth order channels
(Fig. 5) and display the highest number of statistically significant differ-
ences (n* = 22) between adjustment types and the geomorphic vari-
ables (Table 2). The highest number of statistical differences identified
in third and fourth order channel planform adjustments are associated
with valley bottom width (n* = 9) (Table 2).
The highest number of significant differences between geomorphic
variables and planform adjustmentswere between bar and boundary ad-
justments (n* = 7), and boundary and width adjustments (n* = 5) in
third and fourth order channels (Table 2). Bar adjustments in third and
fourth order channels occurred where mean valley bottom width was
145 ± 170 m, boundary adjustments occurred where the mean valley
bottom width was 430 ± 140 m and width adjustments occurred
where themean valley bottomwidthwas 240±220m. Boundary adjust-
ment frequencywas lower in second order channels because topographic
confinement limits lateral adjustment (Fig. 4C). The lowest number of sig-
nificant differences in second, third and fourth order channels identified
were between bend and bar adjustments (n*= 1) and bar andwidth ad-
justments (n* = 1); these adjustments often occurred in combination.
The combined data column (Table 2) suggest significant differences
were observed between most geomorphic variables, but the highest
number of statistical differences could be identified by differences in
channel width and valley bottom width (n* = 8); these statistical differ-
ences are concentrated in third and fourth order channels.
4.4. Flood-rich and flood-poor periods and the timing of planform
adjustments
To understand the temporal pattern of channel planform ad-
justments, we use archival and flow gauge information to identify
flood-rich and flood-poor periods (Fig. 10A). We identified five
flood-rich periods across the Lake District upland region that
Fig. 6. (A) Frequency of planform adjustments by stream order, and (B) percentage frequency of planform adjustments in theWasdale catchment, UK, for the available historical maps and
air photographs (1860s – 2010).
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correspond to previously reported flood-rich periods in northern
UK and northwestern Europe (Macklin and Lewin, 1998; Pattison
and Lane, 2012; Macdonald and Sangster, 2017) (Fig. 10A). Fig.
10A shows the regional pattern of flood-rich and flood-poor pe-
riods from 19 flow gauges in the Lake District, however, individual
catchments can be affected by local flood conditions. For example,
Johnson and Warburton (2002) reconstructed local historic flood
events using lichenometry in Raise Beck (NGR NY 330118, central
Lake District, ~ 15 km northeast of the Wasdale catchment)
(Fig. 10A). Three of the Raise Beck flood events coincide with the
regional flood-rich periods and three do not, highlighting local var-
iability in flood conditions (Fig. 10A). Because there are no flow re-
cords in the Wasdale catchment we can only use regional flood
data, but acknowledge there will likely be local differences in
flood histories between valleys.
Fig. 10B shows the average length of planform adjustments
types for each time period. Boundary adjustments were not ob-
served after the 1980s (Fig. 10B). The average length of channel af-
fected by bend and bar adjustments has been relatively consistent
over all time periods (Fig. 10B). Width adjustments affected a
Fig. 7. Mean percentage of channel length affected by planform adjustment by stream order (A) and mean percentage of channel length affected by planform adjustment (B) in the
Wasdale Catchment, UK, for the available historical maps and air photographs (1860s – 2010).
Fig. 8.Mean percentage length of stable reaches for each time period plotted against stream order for the Wasdale catchment, UK.
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greater length of channel planform in 1860s–1950s, 1950s–1980
and 1980–1995 time periods (Fig. 10B). The mean percentage
length of stable reaches over time decreased ( Fig. 10B). The chang-
ing resolution of the map and air photographs, and the length of
sampling interval over which planform adjustments are mapped,
will influence the type and frequency of adjustments identified.
For example, air photograph resolution (0.25 m) will enable
smaller adjustments to be identified (i.e., bar adjustments),
Fig. 9. Box plots showing the geomorphic variables for each planform adjustment category for all time periods. Continuous lines represent themean geomorphic value for stable reaches,
dashed lines indicate the mean geomorphic values for adjusting reaches.
Table 2
One-way ANOVA and Tukey (HSD) results showing statistically significant differences (at 95% confidence interval p value b.05), between planform adjustments, stable reaches, geomor-
phic variables and streamorder. Dots indicate the presence of a statistically different relationship. S is local slope (m/m),A is local catchment area (km2),W is channelwidth (2010,m),VW
is valley bottomwidth (m),ω is the 2 yr Return Interval Specific StreamPower (Wm−2). Combined column represents analysis for all streamorders, green highlighted columns shows the
geomorphic variables with the highest number of statistically significant differences.
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reducing the length of channel categorised as 2D stable (Fig. 6).
Similarly, the length of historic map and air photograph sampling
interval decreases towards the present, which will impact the
number of recorded channel adjustments depending on whether
a flood-rich period falls between two observational epochs or not.
Despite these limitations, this is the best available catchment
scale data of 2D planform adjustments, stable reaches and historic
flood events over the 150 yr time period.
Fig. 10. (A) Cumulative number of high flow events as a function of time for the Lake District upland region. Peak flow data is based on documented extreme flood events from archival
evidence and gauged data (19 gauges) that represent POTflows.Where the gradient of the line is steep it indicates a high frequency of large flood events and flood-rich periods (red bars).
A local flood record at Raise Beck (NY 330118) from Johnson and Warburton (2002) is plotted against the regional flood record. (B) Mean length of channel affected by planform
adjustment (%) (height of grey bars is proportional) for each time period map / air photograph comparison. Grey bar length represents the time span between available map/photo
comparisons.
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5. Discussion
5.1. Catchment scale patterns and controls of 2D planform adjustment
In this paper, a systematic methodology to quantify historic 2D
channel planform adjustments, stable reaches and the associated geo-
morphic variables at the catchment scale has been developed and ap-
plied. Previous river planform adjustment studies have emphasised
the dynamic nature of upland river channels (Newson, 1989). In the
Wasdale catchment, a similar picture emerges with 32% of the total
channel network length classified as adjusting between 1860s-2010
(Fig. 11). Similar patterns of actively adjusting reaches have been iden-
tified in British rivers using historical sources (Ferguson, 1981). For ex-
ample, Lewin et al. (1977) identified that 25% of 100 randomly surveyed
channel reaches in Wales were adjusting over a period of 44–78 yr.
Hooke and Redmond (1989a) estimated that over an 89 yr period
(1870–1959), 35% of UK upland rivers experienced planform
adjustment.
The structure of a catchment, primarily determined by the geological
and glacial history, plays an important role in influencing sediment con-
tinuity and patterns of planform adjustment (Milne, 1983; Downs and
Gregory, 1993; Thomas, 2001; Sear and Newson, 2003; Fryirs et al.,
2009). In headwater catchments, low order channels are often topo-
graphically confined (Milne, 1983; Montgomery and Buffington, 1993;
Downs and Gregory, 1993) and have been termed ‘resistant’ or ‘insensi-
tive’ to planform adjustments (Brunsden and Thornes, 1979; Sear et al.,
2003; Fryirs et al., 2009; Thoms et al., 2018; Piégay et al., 2018; Fuller
et al., 2019). In theWasdale case study, second order channels were to-
pographically confined (mean valley bottom widths of 31 ± 43 m,
Fig. 5) and bar adjustments were themost frequent form of adjustment
(Fig. 6). The presence of bar adjustments can indicate the channels are
locally active in terms of sediment supply and transfer, and therefore
show little change to the channel boundaries over time (Fig. 6). One ex-
ception to this general resultwas observed inGable Beck, a secondorder
channel, where a local cut off andwidth adjustment (1950s – 1980) oc-
curred where valley bottom width expands and a small debris cone is
present, allowing the channel to become locally unconfined (Figs. 4C
and 11). Overall, however, topographically confined low order channels
displayed patterns of persistent 2D stability, indicating a high level of
sediment continuity and relative balance between sediment input and
output.
In contrast, downstream in high order channels in thefloodplain val-
ley transfer zone, valley bottomwidth increasesmarkedly (Fig. 5) creat-
ing space (Schumm, 1977; Church, 1996) for the channel to interact
with floodplains laterally (Ibisate et al., 2011). The highest frequency
of planform adjustments was observed in third to fifth order channels
(Fig. 6). The most active adjustment locations were observed in the
downstream reaches of Lingmell Beck (fourth and fifth order channels)
where mean valley bottom width was 410 ± 110 m, allowing room for
lateral planform adjustments. Lingmell Beck also had a lowmean chan-
nel slope 0.03±0.01, largemean catchment area 12±1.7 km2, and low
mean streampower 130±80Wm−2 (Fig. 5). Unconfined reaches with
low specific stream powers can accommodate sediment deposition
(Knighton, 1999; Reinfelds et al., 2004; Lea and Legleiter, 2016),
which can lead to local aggradation (poor sediment continuity) and
super-elevation of the bed in relation to the floodplains, which can insti-
gate larger scale adjustments such as avulsions (Jones and Schumm,
1999). This is evidenced by large depositional areas in the mid to
lower reaches of Lingmell Beck (Skinner and Haycock, 2004).
McEwen (1994) similarly identifies changes in river channel plan-
form stability along the River Coe, Scotland. In the upstream reaches,
the River Coe is relatively confined and stable, however, downstream
the channel floodplain valley, slope and stream power changes, and
the channel planform transitions to a wandering gravel-bed river
where the channel actively reworks the floodplains and sediment
aggrades in the channel (McEwen, 1994). The floodplain valley transfer
zone represents an important sediment source and store regulating sed-
iment continuity downstream over different timescales (Werritty and
Ferguson, 1980; Ferguson, 1981). Joyce et al. (2018) highlight the im-
portance of valley floodplains in storing sediment during extreme
flood events causing sediment attenuation at the channel outlet. In the
Wasdale catchment, persistent adjustment reaches over the last
150 yr indicate locations of continual sediment erosion and deposition
in the floodplain valley transfer zone. For example, where the channel
becomes unconfined in the mid to lower reaches of Lingmell Beck, re-
peated bar, bend and width adjustments were recorded in the interme-
diate periods of analysis (Fig. 11) and are evidenced by depositional
features (Skinner and Haycock, 2004). Sediment continuity can there-
fore be both discontinuous at the event scale and over much longer
timescales of measurable change (150 yr).
The statistical analysis investigated the importance of the different
types of river planform adjustment in relation to catchment geomorphic
variables (Table 2, Fig. 9). Valley bottomwidth and channel width could
be used to identify differences in stable reaches, bend, boundary, width
and bar adjustments across the catchment (Table 2). However, the anal-
ysis highlighted that not one geomorphic variable alone could be used
to define a particular type of river planform adjustment. This is because
planform adjustments occur in response to interactions ofmultiple geo-
morphic variables. Second, it is difficult to identify the geomorphic var-
iables of individual planform adjustment categories because planform
adjustments can occur in combination. Fig. 12 summarises the fre-
quency of interactions between planform adjustment categories in the
Wasdale catchment. In the full-time period analysis (1860s – 2010),
38% (n=43) of river channel planform adjustments identifiedwere co-
incident with another planform adjustment. Bar adjustments are the
most frequent type of adjustment and are associated equally with chan-
nel boundary, width and bend adjustments (Fig. 12). This result is to be
expected given that the bar can be regarded as the fundamental geo-
morphic unit in fluvial systems (Church and Rice, 2009; Rice et al.,
2009) and itsmorphodynamics indicate the state of sediment flux (con-
tinuity) within a particular river reach. This underpins the basis of the
methodology applied here.
5.2. Historic pattern of 2D river channel planform adjustment
The temporal pattern of river planform adjustments inmany upland
catchments has been linked to the incidence and severity of major
floods (Wolman and Miller, 1960; Anderson and Calver, 1980; Milne,
1982; McEwen, 1989; Rumsby and Macklin, 1994; McEwen, 1994;
Werritty and Hoey, 2004). High magnitude flood events can cause the
erosion of river banks, initiate high sediment transport rates, leading
to subsequent sediment deposition in the channel and on floodplains
as peak flows recede (e.g., Fuller, 2008; Milan, 2012; Joyce et al., 2018;
Heritage and Entwistle, 2019). Sediment deposition can block the chan-
nel promoting channel avulsion or chute and neck cut offs across the
floodplain (Anderson and Calver, 1980; McEwen, 1994; Jones and
Schumm, 1999). In the Wasdale catchment, boundary adjustments
(avulsions, cut offs) occurred between 1860s–1950s and 1950s–1980,
coinciding with four flood-rich periods in the Lake District region
(Fig. 10). No boundary adjustments were identified from 1980 to
2010, despite this being a flood-rich period documented across the
Lake District upland region (Fig. 10).
The relationship between the type and extent of planform adjust-
ments is complicated by the fact that channel response to floods can
vary from catchment to catchment (Warburton et al., 2002). First, the
lack of flow gauge records in theWasdale catchment limits the identifi-
cation of catchment specific flood events that drive planform adjust-
ments. Therefore, the lack of boundary adjustments observed after the
1980 period could be because there has not been a local flood of suffi-
cient magnitude for geomorphic adjustment. The Raise Beck flood
study (Johnson andWarburton, 2002) highlights that there is variability
in river response to localised flood events compared to the Lake District
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regional flood record (Fig. 10A). Recent work reconstructing detailed
flood chronologies from lake sediment records (Chiverrell et al., 2019)
andfloodplain sediment cores (Jones et al., 2012; Fuller et al., 2019) pro-
vides an alternativemeans of developing catchment flood histories that
are catchment specific and extend beyond the era of documented flood
events. Second, the lack of observed boundary adjustments after the
1980 period could be because the channels have stabilised and there-
fore we only see bend, bar and width adjustments (Skinner and
Fig. 11. Spatial pattern and percentage length of stable and adjusting reaches for all time periods of analysis in the Wasdale catchment, UK.
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Haycock, 2004). Similar results were found in Hoaroak Water, Exmoor,
UK, where the channel showed relative stability and no major channel
planform alteration 25 yr after a flood-initiated avulsion (Anderson
and Calver, 1980; Werritty and Ferguson, 1980).
The temporal pattern of river planform adjustments is commonly
linked to anthropogenic activity (Gilvear and Winterbottom, 1992;
Surian and Rinaldi, 2003; Fryirs et al., 2009). Evidence of river straighten-
ing, embankments and bank reinforcements are present in the Wasdale
catchment (Skinner andHaycock, 2004). Skinner andHaycock (2004), re-
port straightening on Lingmell Beck occurred between the 1860s – 1899,
therefore planform adjustments (e.g., boundary and bar adjustments)
mapped over the 1860s–1950s could reflect channel recovery to artificial
confinement. However, it is difficult to determine the direct impact of an-
thropogenic activity, as there is not a precise date of when straightening
occurred, and there are different time intervals between historic sources
used to map planform adjustments. Anthropogenic activity and contem-
porary rivermanagement could explain the lack of boundary adjustments
observed after the 1980s period in the Wasdale catchment. For example,
on Lingmell Beck the contemporary (~25 yr ago) construction of embank-
ments restricts 2D lateral adjustment and might explain reaches of rela-
tive 2D stability observed after 1995 period (Fig. 11) (Skinner and
Haycock, 2004). It is also important to recognise that channel modifica-
tions often pre-date the earliest available historic maps and channels
may still be responding to ‘legacy effects’ long after cessation of the an-
thropogenic activity (Wohl, 2015). Consequently, in this context, it is dif-
ficult to state whether the threshold for boundary adjustment occurrence
is the result of extrinsic controls (flood events, anthropogenic activity) or
as a result of endogenic controls (e.g., progressive planform adjustment
and gradient changes) that prime the reach before destabilisation
(Brewer and Lewin, 1998).
The use of historical sources for river channel change detection are
limited by the temporal availability of data and therefore should not be
interpreted as a ‘reference’ or ‘base’ of channel planform (Ferguson,
1977). Historic maps and air photographs are often a composite of multi-
ple datasets collected over months or years and therefore it is difficult to
determine a single date of production, so 2D channel activity is mapped
over ‘periods’, e.g., 1950s - 1980. Furthermore, the analysis of 2Dhistorical
channel planform often assumes that there is a linear or continuous
change in channel planformbetween any twohistorical data comparisons
(Lawler, 1993). However, channel planform adjustments can have differ-
ent responses over different time scales and can be short-lived (intransi-
tive), instantaneous, lagged, cumulative and progressive (Schumm and
Lichty, 1965; Chappell, 1983). Therefore, planform adjustments might
go unrecorded between two survey dates, or adjustments might be
misinterpretedwhen comparing unequal time periods between available
data (Ferguson, 1977). Instead, historical sources provide a useful record
to understand how contemporary channel planform has evolved relative
to the different dated historical data. This is demonstrated in theWasdale
catchment, where zones of persistent adjustment (e.g., Lingmell Beck)
and relative stability (Gable Beck, Over Beck) are identified over the pe-
riods of observable data coverage (Fig. 11); this is useful to identify
areas susceptible to future adjustment.
6. Conclusions
This paper presents a systematic catchment scale approach for quan-
tifying the spatio-temporal patterns of 2D river planform stability and
adjustment in response to exogenic forcing in an upland headwater
catchment. The main results of the approach applied in the Wasdale
case study show:
1. Marked contrasts were found between the geomorphic characteris-
tics of 2D stable and adjusting reaches. In the Wasdale catchment,
stable reaches (n = 464) had a mean channel width of 8 ± 5 m,
Fig. 12. Venn diagram showing the frequency of interactions between planform adjustment categories in the Wasdale catchment for the full period of analysis 1860s– 2010. Circles are
proportional to the number of observed primary adjustments. Numbers in bold show the total frequency of adjustments for each group, numbers in italics represent the total number
of combined adjustments between the groups.
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slope of 0.1± 0.08, local catchment area of 3.4± 3.3 km2, valley bot-
tomwidth of 110± 157m and bankfull unit stream power of 424±
260 W m−2. Adjustment reaches (n = 584) had a mean channel
width of 11 ± 5.6 m, slope of 0.08 ± 0.07, local catchment area of
4.7 ± 4.1 km2, valley bottom width of 170 ± 194 m and bankfull
unit specific stream power of 325 ± 250Wm−2.
2. The 2D laterally stable reaches were concentrated in confined low
streamorder channels, whereas unconfined high stream order chan-
nels (fourth and fifth order channels) in thefloodplain valley transfer
zone, were identified as zones of sediment storage (discontinuity)
evidenced by a higher frequency of planform adjustments over the
150 yr study period.
3. Valley bottom width showed the greatest statistical difference for
identifying planform adjustment types in third and fourth order
channels and can be used to explain the location of boundary adjust-
ments. This highlights the importance of confinement through the
stream order hierarchy in influencing the accommodation space
available for planform adjustment and stability.
4. Boundary adjustments were identified in 1860s – 1950s and 1950s –
1980 and coincided with the occurrence of flood-rich periods deter-
mined from long-term archival and gauged flood records in the Lake
District upland region. After the 1980s no boundary adjustments
were observed despite the occurrence of flood-rich periods suggest-
ing the system has either (i) achieved local stability or a new equilib-
rium, (ii) has not been impacted by a flood of sufficientmagnitude, or
(iii) has been stabilised by anthropogenic modification restricting
lateral adjustment. Further analysis should explore the impact of an-
thropogenic modification and response of the system to future ex-
treme flood events.
The general methodology developed here can easily be applied to
other catchments with commonly available historic maps, air photo-
graphs and DTM data. Future research should explore if the spatial pat-
terns and controls of 2D planform adjustments are consistent across
multiple catchments in a region, or if they are catchment specific. This
will help identify relatively ‘active’ and ‘stable’ catchments that will in-
form a better understanding of sediment continuity, process-form be-
haviour, and aid with (i) the predictions of where adjustments might
occur in the future, and (ii) the identification of locations for manage-
ment or restoration priorities at a regional level.
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Supplementary Data  
The supplementary information below provides additional context for the development 
and application of the methodology in the Wasdale case study and other UK case 
studies: 
• Historic map and air photograph data coverage and availability for the UK 
(Table S1).  
• Station-point interval spacing tests (Table S2) and the geomorphic 
characteristics extracted at each resolution (Fig. S1) 
• Slope upstream / downstream distance testing values (Table S3) and figure 
showing change in slope values between different distance tests (Fig. S2) 
• Geo-referencing error assessment of the air photographs and historic maps 
used in the Wasdale case study (Table S4).  
• Discharge-area relationship for different flow events in the Lake District upland 
region (Fig. S3). Discharge data is used to calculate unit stream power in the 
Wasdale case study, in this case study the 2 yr return interval is used.  
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Table S1. D
etails of historical m
aps and air photographs available for the U
K (m
odified from
 H
ooke and R
edm
ond, 1989b).   
 
D
ate 
M
ap Source 
Scale 
C
overage of U
K
  
R
eference 
 
Late 16
th C
entury, 
m
ajority <1700 
Estate 
U
sually 1:2376 
O
ver 20,000 available for 
consultation in England 
H
arley (1972) 
 
18
th and 19
th C
entury 
Enclosure 
 
Variable in England and W
ales 
Tate (1978) 
 
1840s  
Tithe 
U
sually 1:2376 or 
1:4752 
3/4 of England and W
ales 
Kain and Prince 
(1985)  
 
Post 1794 
D
eposited plans 
M
in. scale 1:15,840 
after 1807 
Britain 
H
arley (1972) 
 
18
th and 19
th C
entury 
C
ounty 
1:63,360; 1:31,689 
England and W
ales 
Skelton (1970); 
R
odger (1972)  
 
1747 - 1755 
M
ilitary Survey of Scotland (R
oy) 
1:36,000 
Scotland 
M
oir (1973) 
 
1795 - 1755 
O
rdnance Survey O
ld series 1st ed.  
1:63,360 
England and W
ales 
H
arley (1965)  
 
1840 - 1926 
O
rdnance Survey N
ew
 Series 2nd 
– 4
th ed. 
1:63,360 
England and W
ales 
H
arley (1965)  
♦ 
1854 - 1949 
C
ounty Series 1st ed. – 3
rd revision 
1:2,500; 1:10,560  
England and W
ales   
H
arley (1965)  
♦ 
1943 - 1992 
N
ational G
rid Series  Edition A - E  
1:1,250, 1:2,500 
England and W
ales 
H
arley (1975)  
 
1948 - 1982 
N
ational G
rid Im
perial 1st Edition. 
(1
st – 3
rd R
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ales  
 
♦ 
1969 - 1996 
N
ational G
rid 1:10,000 series, fully 
m
etric, 1st edition 
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ales 
 
1958 - 1996 
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etric and 
1:10,560 im
perial latest editions 
1:10,560 and 1:10,000  
U
K 
♦ 
1960s - present 
Air photographs 
1:250 - 1:200,000 
H
igh – covers England and 
W
ales – com
posite of im
ages 
 
♦ 
sources of data used in the W
asdale case study 
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Table S2. Different resolution station point (SP) spacing intervals (m) tested in the 
Wasdale catchment case study.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Stream 
order 
High resolution Medium resolution Low resolution 
SP  interval 
(m) 
n SP  interval 
(m) 
n SP  interval 
(m) 
n 
2 100 55 200 28 400 24 
3 200 54 300 39 600 25 
4 300 26 400 19 800 12 
5 400 3 500 3 1000 2 
SP total   138  89  63 
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Figure S1. Examples of mean geomorphic characteristics extracted at high, medium and 
low-resolution station point spacing intervals (Table S2) in the Wasdale catchment. No 
statistically significant differences were identified between the three resolution station 
point intervals at the 0.05 and 0.01 confidence level.   
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Table S3. Slope sensitivity analysis: distance elevation values are extracted upstream 
and downstream of the station points (SPs positioned at low resolution spacing interval) 
in the Wasdale catchment. Three distances were tested to see how it affected the 
calculation of slope. No statistical differences were identified between the three distances 
slope values were produced so distance 3 is used to extract elevation values upstream 
and downstream of station points in the Wasdale catchment.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S2. Mean slope values extracted over different distances (Table S2) for each 
stream order. There were no statistically significant differences between the three 
distances tested at the 0.05 and 0.01 confidence level.  
 
Stream 
order 
Distance 1 
(m) 
Distance 2 
(m) 
Distance 3 
(m) 
2 25 50 100 
3 50 100 200 
4 75 150 300 
5 100 200 400 
Appendix B 
300 
 
2 YR Return Interval
y = 1.3492x0.7315
R² = 0.6812
10 Yr Return Interval 
y = 2.6616x0.7302
R² = 0.6354
50 Yr Return Interval
y = 3.6039x0.7496
R² = 0.5962
100 Yr Return Interval
y = 3.9537x0.7578
R² = 0.5845
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Table S4. Root Mean Square Error (RMSE) and local test point error following second 
order polynomial transformation of maps and air photographs to an OS base map.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S3. Discharge-area relationship for the 1 in 2, 1 in 10, 1 in 50 and 1 in 100 yr flow 
event in the Lake District upland region. Generated using 19 gauging stations located 
throughout the upland region. Discharge data sourced from the UK Environment Agency.  
 
 
  Test Point (Local) Error (m) 
Year of map / photo RMSE (m) Mean Std. Dev. 
1860s 2.6 3.7 2.0 
1950s 3.3 4.0 1.6 
1980 1.5 2.7 1.5 
1995 1.4 2.0 1.0 
2004 0.8 1.9 1.4 
2010 0.8 1.4 1.4 
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Data tables: statistically significant differences between geomorphic characteristics and 
planform adjustment categories: 
• Tables C.1 – C.4: Statistically significant differences between mean geomorphic 
characteristics (slope, specific stream power, channel width and catchment area) 
extracted from the station points for each stream order and catchment. Data is 
discussed in Chapter 6, Section 6.4.2. 
• Tables C.5 – C.8: Statistically significant differences between planform 
adjustments, stable reaches, geomorphic variables (slope, valley bottom width, 
channel width and specific stream power) and channel stream order. Data is 
discussed in Chapter 6, Section 6.6.1. 
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Table C.5. Statistically significant differences (p value <0.005) between planform adjustments, 
stable reaches, geomorphic variables, channel stream order and catchment for channel slope. Dots 
indicate the presence of statistically significant differences. 
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Bend Adjustment vs Width Adjustment
Bend Adjustment vs Boundary Adjustment
Bend Adjustment vs Stable ●
Boundary Adjustment vs Width Adjustment ●
Boundary Adjustment vs Stable ●
Width Adjustment vs Stable
Bar Adjustment vs Bend Adjustment ● ● ● ●
Bar Adjustment vs Boundary Adjustment
Bar Adjustment vs Width Adjustment ● ● ●
Bar Adjustment vs Stable ● ● ● ●
Bend Adjustment vs Width Adjustment
Bend Adjustment vs Boundary Adjustment ● ●
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Table C.6. Statistically significant differences (p value <0.005) between planform adjustments, 
stable reaches, geomorphic variables, channel stream order and catchment for channel width. Dots 
indicate the presence of statistically significant differences.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
BA
SS
EN
TH
W
AI
TE
C
AL
D
ER
C
AL
D
EW
C
AL
D
ER
C
AW
D
AL
E
C
O
N
IS
TO
N
C
R
U
M
M
O
C
K
D
U
D
D
O
N
EN
N
ER
D
AL
E
ES
K
H
AW
ES
W
AT
ER
KE
N
T
SL
ED
D
AL
E 
SP
R
IN
T
SW
IN
D
AL
E
U
LL
SW
AT
ER
W
AS
D
AL
E 
W
IN
D
ER
M
ER
E
Bar Adjustment vs Bend Adjustment ● ● ● ● ●
Bar Adjustment vs Boundary Adjustment ●
Bar Adjustment vs Width Adjustment ●
Bar Adjustment vs Stable ● ● ● ●
Bend Adjustment vs Width Adjustment ● ●
Bend Adjustment vs Boundary Adjustment ● ●
Bend Adjustment vs Stable ● ● ● ●
Boundary Adjustment vs Width Adjustment ●
Boundary Adjustment vs Stable ●
Width Adjustment vs Stable ● ●
Bar Adjustment vs Bend Adjustment ● ●
Bar Adjustment vs Boundary Adjustment ●
Bar Adjustment vs Width Adjustment ● ● ●
Bar Adjustment vs Stable ● ● ● ● ●
Bend Adjustment vs Width Adjustment ● ●
Bend Adjustment vs Boundary Adjustment ● ● ●
Bend Adjustment vs Stable ●
Boundary Adjustment vs Width Adjustment ● ●
Boundary Adjustment vs Stable ● ●
Width Adjustment vs Stable ● ● ● ●
Bar Adjustment vs Bend Adjustment ●
Bar Adjustment vs Boundary Adjustment ● ●
Bar Adjustment vs Width Adjustment ● ●
Bar Adjustment vs Stable
Bend Adjustment vs Width Adjustment
Bend Adjustment vs Boundary Adjustment ●
Bend Adjustment vs Stable ● ●
Boundary Adjustment vs Width Adjustment ● ●
Boundary Adjustment vs Stable ●
Width Adjustment vs Stable ● ●
12 1 3 12 4 1 5 3 1 10 9
STREAM 
ORDER 2
STREAM 
ORDER 3
STREAM 
ORDER 4
SUM
Channel	width
 Appendix C 
 
 
310 
Table C.7. Statistically significant differences (p value <0.005) between planform adjustments, 
stable reaches, geomorphic variables, channel stream order and catchment for valley bottom 
width. Dots indicate the presence of statistically significant differences. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Valley	bottom	width
BA
SS
EN
TH
W
AI
TE
C
AL
D
ER
C
AL
D
EW
C
AL
D
ER
C
AW
D
AL
E
C
O
N
IS
TO
N
C
R
U
M
M
O
C
K
D
U
D
D
O
N
EN
N
ER
D
AL
E
ES
K
H
AW
ES
W
AT
ER
KE
N
T
SL
ED
D
AL
E 
SP
R
IN
T
SW
IN
D
AL
E
U
LL
SW
AT
ER
W
AS
D
AL
E 
W
IN
D
ER
M
ER
E
Bar Adjustment vs Bend Adjustment ● ● ●
Bar Adjustment vs Boundary Adjustment
Bar Adjustment vs Width Adjustment ●
Bar Adjustment vs Stable ● ●
Bend Adjustment vs Width Adjustment
Bend Adjustment vs Boundary Adjustment
Bend Adjustment vs Stable ● ● ●
Boundary Adjustment vs Width Adjustment
Boundary Adjustment vs Stable ●
Width Adjustment vs Stable ●
Bar Adjustment vs Bend Adjustment ● ● ●
Bar Adjustment vs Boundary Adjustment ● ●
Bar Adjustment vs Width Adjustment ● ● ● ●
Bar Adjustment vs Stable ● ● ● ●
Bend Adjustment vs Width Adjustment ● ● ●
Bend Adjustment vs Boundary Adjustment ●
Bend Adjustment vs Stable ● ● ●
Boundary Adjustment vs Width Adjustment ●
Boundary Adjustment vs Stable ● ● ● ●
Width Adjustment vs Stable ● ● ● ● ●
Bar Adjustment vs Bend Adjustment ●
Bar Adjustment vs Boundary Adjustment ●
Bar Adjustment vs Width Adjustment
Bar Adjustment vs Stable
Bend Adjustment vs Width Adjustment ●
Bend Adjustment vs Boundary Adjustment
Bend Adjustment vs Stable ●
Boundary Adjustment vs Width Adjustment ●
Boundary Adjustment vs Stable ●
Width Adjustment vs Stable
2 3 5 2 7 5 6 2 1 1 9 4
STREAM 
ORDER 3
STREAM 
ORDER 4
SUM
Valley	bottom	width
STREAM 
ORDER 2
Appendix C 
 
 
311 
Table C.8. Statistically significant differences (p value <0.005) between planform adjustments, 
stable reaches, geomorphic variables, channel stream order and catchment for specific stream 
power. Dots indicate the presence of statistically significant differences. 
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